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PREFACE 


HE  following  pages  consist  of  a 
report,  in  somewhat  expanded 
form,  of  the  Lectures  given  at  New 
York  in  March,  1922,  under  the  auspices  of 
the  Herter  Foundation.  Although  a large 
number  of  the  facts  to  which  reference  is 
made  are  more  or  less  well  known  to 
physiologists  it  is  thought  that  a good  pur- 
pose may  be  served  by  bringing  them  into 
relationship  with  one  another  by  means  of 
certain  elementary  principles,  which  are  apt 
to  be  forgotten.  There  is  moreover  some 
risk  that  significant  facts  may  be  overlooked 
on  account  of  their  publication  in  places 
not  readily  accessible,  or  on  account  of  their 
being  subsidiary  to  the  main  argument  of  a 
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particular  paper.  An  attempt  is  made  to 
bring  some  of  these  facts  into  place  as 
contributions  to  a general  theory. 

It  has  been  found  impossible  to  avoid 
criticism  of  some  rather  widely  current 
views,  as  also  to  neglect  the  indication  of 
gaps  where  our  knowledge  is  not  so  satis- 
factory as  is  sometimes  imagined.  When 
such  criticism  is  made,  it  is  far  from  my 
intention  to  undervalue  the  work  done  by 
those  who  have  put  forward  what  I am 
bound  to  look  upon  as  incorrect  interpreta- 
tions. My  object  is  rather  to  warn  against 
the  danger,  which  is  by  no  means  absent, 
of  supposing  that  everything  is  clear  in 
these  particular  instances  and  also,  as  I 
hope,  to  suggest  problems  for  further 
work. 

The  remark  might  naturally  be  made 
by  a reader  of  the  list  of  contents  that  the 
greater  part  of  physiology  appears  to  be 
included.  To  avoid  misconception,  it  may 
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be  stated  here  that  it  is  only  certain 
aspects  of  most  of  the  phenomena  men- 
tioned that  receive  more  than  a brief 
reference.  The  aspects  in  question  are,  of 
course,  those  in  which  the  properties  of 
surfaces  come  into  especial  prominence. 

If  it  be  thought  that  undue  emphasis  is 
sometimes  laid  on  the  author’s  own  work, 
it  may  be  called  to  mind  that  one  of  the 
objects  of  the  Lectures  is  to  enable 
workers  to  give  an  account  of  their  own 
researches. 


W.  M.  Bayliss 


INTERFAGIAL  FORCES  AND 
PHENOMENA  IN 
PHYSIOLOGY 

CHAPTER  I 

HETEROGENEOUS  SYSTEMS 

THE  subject  with  which  the  following 
pages  is  concerned,  is  that  of  the 
phenomena  which  make  themselves 
manifest  at  the  place  or  surface  where 
two  substances  that  do  not  mix  together 
are  in  contact.  Since  each  of  these  sub- 
stances has  its  own  surface,  which  touches 
that  of  the  other,  it  is  usual  to  refer  to  the 
common  surface  as  the  “ interface.”  This 
interface  may  be  looked  upon  as  composed, 
in  a sense,  of  both  substances.  Although  our 
proper  subject  is  the  way  in  which  such 
phenomena  play  a part  in  various  physio- 
logical processes,  it  will  be  advisable  to 


2 


INTERFACES  IN  PHYSIOLOGY 


devote  some  preliminary  discussion  to  the 
phenomena  in  general. 

These  systems  composed  of  substances 
which,  although  in  contact  and  so  far  having 
an  influence  on  one  another,  are  separate 
and  distinct  from  each  other,  are  known 
as  “ heterogeneous  systems.”  It  will  be 
clear  that  if  we  imagine  ourselves  moving 
about  in  such  a system  we  should  find 
ourselves  in  different  surroundings  at 
different  times,  whereas  in  a solution  of 
salt  in  water  we  should  be  always  in 
situations  alike  to  one  another.  In  other 
words,  if  we  take  samples  from  different 
parts  of  a heterogeneous  system,  they  will 
not  necessarily  be  of  the  same  composition, 
whereas  they  will  be  so  if  taken  from  a 
homogeneous  system. 

It  needs  no  apology  for  bringing  forward 
in  the  country  of  Willard  Gibbs  a plea 
for  more  investigation  of  heterogeneous 
systems,  since  it  is  to  him  that  we  owe  the 
first  systematic  investigation  of  the  con- 
ditions which  control  their  behaviour.  A 
large  amount  of  attention  is  being  given  to 
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the  chemical  reactions  in  homogeneous 
systems,  such  as  those  occurring  in  true 
solutions,  and  rightly  so.  But,  although 
the  investigation  of  heterogeneous  systems 
is  growing  in  interest  and  importance, 
this  aspect  is  not  sufficiently  considered 
as  it  applies  to  the  phenomena  of  living 
organisms.  It  is  scarcely  necessary  to  point 
out  that  the  cells  of  these  beings  are 
heterogeneous  systems.  They  consist  of 
various  kinds  of  structures  which  are 
distinct  from  one  another  in  space,  and  it 
is  in  contact  with  and  under  the  influence 
of  the  surfaces  of  these  structures  that  the 
chemical  changes  take  place.  This  is  not 
intended  to  imply  in  any  way  that  there 
are  no  important  homogeneous  reactions 
in  the  living  organism,  but  to  point  out  that 
where  heterogeneity  exists  incorrect  con- 
clusions must  result  if  it  is  neglected. 

The  molecules  which  make  up  the  outer 
surface  of  any  mass  of  matter  are  clearly 
exposed  to  influences  which  differ  from 
those  in  the  interior.  Thus,  on  that  side 
turned  towards  the  interior,  the  surface 
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molecules  are  in  similar  circumstances  to 
those  inside  the  mass  ; the  forces  acting 
on  them  are  exerted  by  molecules  like 
themselves.  Whereas  on  the  outer  side 
they  are  exposed  to  the  influence  of  mole- 
cules of  nature  unlike  themselves.  We 
naturally  expect  to  find,  therefore,  that 
the  phenomena  present  at  the  surface  will 
be  in  some  respects  unlike  those  of  the 
interior. 

Consider,  for  example,  how  the  law  of 
mass  action  is  to  be  applied.  It  will  be 
remembered  that  this  law  tells  us  that  the 
rate  of  a reaction  is  proportional  to  the 
concentration  of  the  substances  reacting, 
but  that  the  concentration  which  is  meant 
is  that  part  of  the  substance  which  is 
actually  “ active  ” and  is  only,  even  in 
homogeneous  systems,  occasionally  identical 
with  the  total  mass  present.  If  it  is  the 
hydrogen  ions  of  an  acid  that  react,  we  have 
to  take  into  account  the  degree  of  dis- 
sociation of  the  acid.  Or  if  we  accept  the 
view  that  strong  electrolytes  are  always 
completely  dissociated,  although  not  all 
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the  ions  are  active,  we  must  introduce  a 
correction  for  the  “ activity/  ' In  such 
cases,  however,  it  is  usually  comparatively 
easy  to  determine  the  “ activity  constant/' 
In  the  case  of  a heterogeneous  reaction, 
on  the  contrary,  the  matter  is  not  so 
simple.  It  is  obvious  that  the  only  mole- 
cules accessible  to  other  foreign  molecules 
are  those  on  the  surface  of  the  masses  of 
dimensions  varying  in  wide  degree.  Hence 
the  active  mass  is  proportional  to  the 
surface  and  the  difficulty  comes  in  when 
we  try  to  measure  this  surface.  Hence 
the  direct  application  of  mass  action  for- 
mulae is  inadmissible.  This  does  not  mean 
that  mass  action  is  not  always  a controlling 
factor.  The  difficulty  lies  in  the  finding  out 
what  actually  is  the  mass  to  be  reckoned  with. 

It  is  nevertheless  remarkable  that 
reactions  in  heterogeneous  systems  are 
sometimes,  at  all  events  in  part  of  their 
course,  found  to  obey  fairly  well  the 
ordinary  unimolecular  law,  in  which  the 
rate  at  any  moment  is  proportional  to  the 
concentration  of  the  reagents  which  have 
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not  yet  entered  into  activity.  As  we 
know  that  some  of  these  cases  are  complex 
series  of  reactions,  the  danger  of  interpreting 
them  as  simple  chemical  reactions  because 
the  whole  process  appears  to  follow  the 
unimolecular  law  should  be  obvious.  In 
those  cases  where  a series  of  different  kinds 
of  processes  occurs,  the  controlling  factor 
is  the  slowest  one,  and  it  may  be  that  this 
is  a simple  chemical  reaction.  The  fact 
that  a particular  phenomenon  obeys  the 
unimolecular  law  proves  very  little.  Many 
processes  which  are  not  chemical  progress 
at  a rate  which  is  proportional  to  what  is 
left  unchanged,  or  the  amount  present  at 
any  moment.  Money  at  compound  interest 
obeys  such  a law,  which  indeed  is  sometimes 
called  the  " compound  interest  law.” 

The  danger  of  drawing  conclusions  from 
the  fact  that  a process  follows  a simple 
mathematical  expression  is  well  shown  in 
the  case  of  the  increase  in  rate  of  the  beat 
of  the  isolated  mammalian  heart  with 
rising  temperature.  It  has  been  found 
that  this  rate  is  directly  proportional  to 
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the  absolute  temperature,  just  as  simple 
physical  phenomenon  such  as  the  expansion 
of  a gas.  The  conclusion  might  be  drawn 
that  no  chemical  process  occurs  in  the  heart 
and  that  the  beat  is  a purely  physical 
process,  which  is  absurd. 

We  shall  meet  with  many  cases  in  which 
we  cannot  limit  our  interpretations  to 
either  chemical  or  physical  laws  alone. 
It  would  be  safe  to  say  that  there  is  scarcely 
any  physiological  process  in  which  both 
physical  and  chemical  factors  do  not  take 
part.  For  this  reason,  the  separation  of 
physiology  into  bio-physics  and  bio- 
chemistry seems  to  me  to  be  undesirable, 
however  convenient  it  may  be  sometimes 
for  practical  purposes.  The  theoretical 
treatment  cannot  logically  be  so  divided 
and  the  laboratories  ought  always  to  be  in 
close  co-operation. 

When  we  come  to  discuss  phenomena  in 
which  the  behaviour  of  atoms  and  molecules 
is  concerned,  we  shall  see  how  difficult  or 
impossible  it  is  to  distinguish  between 
chemistry  and  physics.  They  become  one 
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in  this  region,  and  the  time  is  approaching 
when  we  shall  demand  an  explanation  of 
chemical  facts  in  terms  of  the  physics  of 
the  atom — loss  or  gain  of  electrons,  change 
of  position  of  electrons,  taking  on  of 
electrons  in  common  and  so  on. 

Different  substances  appear  to  unite 
together  in  ways  which  show  all  degrees  of 
transition  between  physical  and  chemical 
modes.  At  one  extreme,  we  have  com- 
pounds like  the  metallic  oxides,  water,  or 
the  enormous  variety  of  organic  compounds, 
where  the  properties  are  completely 
changed.  At  the  other,  the  taking  up  of 
water  by  silica,  where  the  process  is 
continuous  in  relation  to  the  vapour  pressure 
of  the  water,  or  of  gases  by  charcoal  and  so 
on.  Between  these,  there  is  the  case  of 
water  of  crystallization  or  of  hydration, 
where  definite  molecular  proportion  is 
present,  although  there  is  little  if  any 
change  in  chemical  properties. 

Some  years  ago,  Noyes  directed  attention 
to  two  different  kinds  of  chemical  affinity. 
Such  a compound  as  hydrochloric  acid, 
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for  example,  arises  from  the  union  of  a 
positive  and  a negative  ion  with  mutual 
neutralization  of  electric  charge,  in  which 
the  excess  electron  possessed  by  the  nega- 
tive ion  is  handed  over  to  the  positive  ion 
to  make  up  its  deficiency.  This  kind  of 
union  is  of  electrical  nature  and  is  readily 
broken  by  the  action  of  water  and  other 
solvents.  There  is,  however,  another  kind 
in  which  what  may  be  regarded  as  more 
purely  chemical  forces  are  involved.  This 
is  especially  to  be  seen  in  the  compounds 
of  carbon.  More  recently,  Langmuir  has 
put  a more  definite  interpretation  on  the 
latter  kind  of  combination.  He  gives  the 
name  “ electro-valency  ” to  the  forces  re- 
sponsible for  the  first  kind  of  reaction, 
where  electrons  pass  from  one  component 
to  the  other  ; and  “ co- valency  ” to  the 
second,  where  it  is  held  that  certain  elec- 
trons belonging  to  one  atom  are  taken  over 
in  common  by  the  other,  so  that  they  form 
common  property  of  both  atoms.  As 
mentioned,  this  is  especially  characteristic 
of  organic  compounds. 
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A somewhat  remarkable  result  follows 
from  the  work  of  the  Braggs  on  the  structure 
of  crystals.  They  show  that  in  a crystal 
of  sodium  chloride,  for  example,  each 


Fig.  i.  Model  of  Crystal  of  Sodium  Chloride. 

Black — Na  atoms.  White — Cl  atoms. 

(Bragg’s  “ X-rays  and  Crystal  Structure.”) 

sodium  atom  is  joined  to  six  chlorine 
atoms,  and  each  chlorine  to  six  sodium 
atoms  (Fig.  i).  Hence  there  is  no  mole- 
cule of  NaCl  in  the  solid.  Further,  if 
it  is  completely  dissociated  in  solution, 
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as  is  held  by  some,  the  only  state  in  which 
it  exists  is  in  the  vapour,  a rare  occurrence. 
We  shall  see  later  a somewhat  similar 
problem  is  met  with  in  colloids. 

It  is  interesting  to  note  that  the  electrical 
forces  which  hold  together  the  atoms  in 
a crystal  are  identical  not  only  with  the 
chemical  forces  responsible  for  the  com- 
bination of  sodium  with  chlorine,  but  also 
with  those  of  molecular  attraction  which 
show  themselves  as  cohesion  and  as  internal 
pressure  in  liquids.  In  the  case  of  liquids, 
the  state  of  tension  of  a free  surface  is  due 
to  this  attraction. 

The  importance  of  the  considerations  of 
the  previous  paragraph  is  that  they  show 
the  futility  of  attempts  to  distinguish 
between  chemical,  electrical,  cohesive  and 
surface  tension  theories  of  such  phenomena 
as  those  of  adsorption. 

The  structure  of  the  crystal  has  an  aspect 
to  which  attention  may  here  be  called. 
The  atoms  at  the  surface  are  clearly  com- 
bined differently  from  those  in  the  interior. 
While  each  of  the  latter  in  the  case  of 
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sodium  chloride  is  united  symmetrically 
on  all  sides  with  six  others,  at  the  surface 
it  can  only  be  united  with  five.  Thus,  it 
has  what  may  be  called  a potentially  free 
“ valency  ” and  may  take  on  another 
atom  from  a solution  or  gas  in  contact 
with  it.  This  is  the  theory  of  adsorption 
put  forward  by  Langmuir,  to  which  we 
shall  return  later. 


Phase 

As  a matter  of  convenience,  it  has  been 
found  useful  to  give  a name  to  the  separate 
non-miscible  components  of  a heterogeneous 
system  and  that  of  “ phase  ” suggested  by 
Willard  Gibbs  has  been  generally  accepted. 
We  owe  also  to  him  the  formulation  of  the 
well-known  “ phase-rule/'  which  expresses 
the  conditions  of  equilibrium  in  hetero- 
geneous systems. 

An  adequate  simple  definition  of  phase 
is  not  easy,  although  as  a rule  there  is  no 
difficulty  in  recognizing  it  in  practice.  It 
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is  not  sufficient  to  say  that  it  is  a different 
physical  state,  as  solid,  liquid  or  gas. 
Water  indeed  may  exist  in  a system  of 
three  phases,  ice,  water  and  vapour.  But 
two  liquids,  as  oil  and  water,  may  be 
distinct  phases.  Again,  it  has  been 
suggested  that  the  phases  should  be  capable 
of  separation  by  simple  mechanical  means. 
This  would  make  colloids  heterogeneous 
systems  because  they  can  be  separated  into 
their  two  component  phases  by  filtration 
through  a membrane  whose  pores  are  of 
such  dimensions  that  the  colloidal  matter 
is  unable  to  pass  through.  This  would 
probably  be  a correct  conclusion.  But  we 
are  then  met  with  the  fact  that  if  we  make 
the  pores  still  smaller,  as  in  a so-called 
“ semi  - permeable  ” membrane,  we  can 
separate  the  components  of  an  undoubted 
homogeneous  system,  as  a solution  of  sugar 
or  salt  in  water. 

We  seem  to  be  reduced  to  the  necessity 
to  making  the  possession  of  surface  proper- 
ties a criterion  of  the  right  to  be  called  a 
phase.  We  may  say  that  the  molecules 
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in  the  interior  of  the  phase  are  exposed  to 
forces  different  from  those  on  the  surface, 
or,  otherwise,  that  in  homogeneous  systems 
all  the  molecules  are  equally  accessible  to 
external  influences,  chemical  or  physical, 
whereas  in  heterogeneous  systems  only 
those  on  the  surface  of  each  phase  are  so 
accessible.  But  while  this  applies  to  the 
majority  of  forces,  it  may  be  said  that 
heat  affects  the  whole  of  a phase  at  the 
same  time,  or  practically  so.  However 
this  may  be,  the  important  point  is  that,  as 
concerns  chemical  behaviour,  only  a part 
of  the  total  mass  present  is  capable  of 
reaction  at  any  particular  moment.  As 
was  stated  above,  the  active  mass  is  a 
function  of  the  total  actual  surface.  This 
of  course  applies  also  to  any  other  pheno- 
mena, such  as  surface  tension,  adsorption 
or  electrical  charge,  which  are  dependent 
on  the  existence  of  surfaces. 

The  question  naturally  arises  as  to 
whether  a single  molecule  may  not  be 
large  enough  to  show  surface  properties. 
Such  a molecule  as 
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HHHHHHHHHHHHHHH 

HOOC-C-C-C-C-C-C-C-C-C-C-C-C-C-CNH2 

HHHHHHHHHHHHHHH 

has  not  the  same  chemical  properties  as 

OOH 

HHHHHHH  C HHHHHHH 
HC-C-C-C-C-C-C-C-C-C-C-C-C-C-CH 
HHHHHHH N HHHHHHH 

H2 

where  the  basic  and  acidic  groups  are  close 
together.  Thus,  space  relations  and  shape 
have  their  part  to  play  and,  from  what  we 
have  seen  of  the  nature  of  the  surface  of 
a crystal,  it  does  not  seem  impossible  that 
the  surface  of  such  a large  organic  molecule 
might  present  opportunities  for  the 
adsorption  of  atoms.  The  possibility  has 
its  importance  in  relation  to  the  properties 
of  proteins,  as  will  be  seen  in  Chapter  IV. 


CHAPTER  II 


SURFACE  TENSION 

THE  two  most  striking  manifesta- 
tions of  the  special  properties  of 
surface  or  interfaces  between  phases 
are  those  of  surface  tension  and  of  electric 
charge.  The  latter  is  sometimes  regarded 
merely  as  reducing  surface  tension,  but 
there  are  properties,  analogous  to  the 
charge  on  ions,  which  are  more  profitably 
discussed  on  their  own  account,  as  will  be 
done  later.  In  the  present  chapter,  a 
brief  consideration  will  be  given  to  surface 
tension. 

When  molecules  are  made  to  approach 
each  other,  as  in  the  compression  or  cooling 
of  a gas,  a force  of  attraction  begins  to 
manifest  itself  at  a certain  very  minute 
distance  apart  (about  io — 7 to  io  — 8 cm.). 
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Within  this  distance  the  force  is  very  great. 
It  appears  to  increase  inversely  as  the 
fourth  power  of  the  distance  and  thus 
agrees  with  electrical  attraction  between 
charges  concentrated  in  points.  It  may 
therefore  ultimately  be  of  electrical  origin, 
and  we  have  already  seen  that  the  Braggs' 
work  shows  it  to  be  identical  with  the 
chemical  forces  uniting  the  atoms  of  a 
crystal.  It  is  generally  known  as  “ co- 
hesion ” and  is  responsible  for  the  great 
resistance  opposed  by  a liquid  or  solid  to 
mechanical  attempts  to  increase  its  volume, 
and  is  also  familiar  in  the  a factor  of  van 
der  Waals’  “ equation  of  state,"  and  in  the 
case  of  liquids,  in  the  " internal  pressure  ” 
of  Young  and  Laplace.  The  importance 
of  the  above  considerations  in  regard  to 
the  way  in  which  we  look  upon  adsorption 
will  be  clear  at  a later  stage. 

On  the  other  hand,  molecules  occupy 
space,  so  that  when  pressed  very  closely 
together,  they  begin  to  resist  further  ap- 
proximation. By  great  pressure,  however, 
liquids  and  solids  can  be  diminished  some- 
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what  in  volume.  If  it  be  assumed  that  the 
molecules  touch  one  another  under  ordinary 
conditions,  such  compressibility  implies 
a deformation.  The  volume  occupied  by 
molecules  is  allowed  for  by  the  b factor  of 
the  van  der  Waals’  equation. 

We  may  now  consider  the  state  of  affairs 
at  the  free  surface  of  a liquid  in  contact 
with  a gas  in  the  light  of  the  two  facts 
above  mentioned.  In  the  depths  of  the 
liquid,  the  molecules  are  exposed  on  all 
sides  to  equal  attractive  forces,  so  that  there 
is  no  effective  resultant  in  any  one  direction. 
This  is  not  so  at  the  surface,  where  the 
molecules  are  not  exposed  to  attractive 
forces  on  the  outer  side.  The  result  is 
that  they  tend  to  be  drawn  inwards  by  the 
unbalanced  attraction  of  the  other  mole- 
cules of  the  liquid  phase.  Owing  to  the 
practical  incompressibility  of  the  liquid, 
they  cannot  actually  move  inwards,  since 
this  would  mean  a decrease  in  the  volume 
of  the  liquid.  The  pull  inwards  is  thus 
converted  into  a pull  or  tension  along  the 
surface,  as  may  be  realized  by  the  tension 
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produced  in  a horizontal  stretched  cord 
by  a weight  hung  upon  it. 

This  is  the  surface  tension  as  shown  by 
the  surface  of  a liquid.  It  will  be  clear 
that  a gas  cannot  exert  a tension  of  this 
kind,  except  in  a minute  degree,  because 
the  molecules  are  sufficiently  far  away 
from  one  another  to  be  almost  entirely 
outside  the  sphere  of  mutual  attraction. 

It  is  not  easy  to  picture  the  correspond- 
ing phenomenon  at  the  free  surface  of  a 
solid.  But  since  the  forces  of  cohesion 
are  present  here,  and  of  a very  high  degree 
of  magnitude,  there  must  be  at  the  surface 
an  internally  directed  component,  which 
gives  a high  surface  tension,  although  it 
cannot  be  measured  directly  in  the  same 
way  as  in  liquids.  Indirect  measurements 
confirm  the  theoretical  deduction. 

The  tension  is  manifested  by  all  the 
elements  of  the  surface,  so  that  if  we  take 
a finite  area  of  this  surface,  we  can  obtain 
work  from  it.  Thus  it  possesses  energy . 
Perhaps  the  simplest  way  to  convince 
oneself  that  this  is  so  is  to  take  an  ordinary 
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glass  funnel,  and  immerse  the  wide  end  in 
soap  solution  so  as  to  make  a film.  Closing 
the  end  of  the  stem  with  the  finger,  raise 
the  funnel  from  the  solution.  The  film 
remains  stationary.  But  when  the  finger 
is  removed  from  the  orifice  of  the  stem, 
the  surface  tension  in  the  liquid  causes  it 
to  reduce  its  area.  This  can  only  be  done 
by  rising  until  it  reaches  the  narrowest 
part  of  the  funnel.  Since  this  is  done 
against  gravity,  work  is  done  by  raising 
the  weight  of  the  film. 

Suppose  that  the  surface  of  a liquid 
instead  of  being  flat  is  curved  as  in  that  of  a 
drop.  A little  consideration  will  make  it 
clear  that  there  is  a component  of  pressure 
directed  inwards  towards  the  concave  side 
of  the  surface  film.  If  a stretched  cord  be 
deflected,  it  is  felt  to  exercise  a pressure 
on  the  deflecting  finger  and  the  more  so 
the  further  it  is  deflected.  There  is,  of 
course,  a disturbing  factor  in  such  a simple 
case,  due  to  the  increase  in  tension  as  the 
cord  is  increased  in  length.  But  this 
could  be  eliminated  by  arranging  the  cord 


SURFACE  TENSION 


21 


to  be  stretched  horizontally  by  a weight 
attached  to  one  end  after  passing  over  a 
pulley.  Or,  more  simply,  by  deflecting 
sideways  a vertical  cord  stretched  by  a 
weight  at  the  lower  end.  The  pressure 
exerted  in  the  interior  of  drops  of  the  size 
of  those  in  colloidal  solutions  by  the 
tension  of  their  surfaces  is  very  great.  If 
it  be  calculated  for  drops  of  water  of  the 
size  of  certain  particles  of  colloidal  gold, 
it  is  found  to  amount  to  some  150  atmo- 
spheres. Such  pressures  must  have  an 
influence  on  the  properties  of  minute 
spheres.  Very  minute  drops  of  liquid 
resist  deformation  as  if  solid.  Thus  they 
do  not  pass  through  pores  smaller  than  their 
diameter.  On  the  other  hand,  Sir  Wm. 
Bragg  has  not  found  indications  that  the 
atoms  of  gold  particles  are  pressed  more 
closely  together. 

When  a capillary  tube  is  dipped  at  one 
end  into  a liquid  which  wets  it,  the  level 
of  the  liquid  is  seen  to  be  higher  in  the  tube 
than  outside.  This  is  due  to  the  formation 
of  a meniscus  which  is  concave  on  the  air 
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side,  owing  to  the  formation  of  a thin  film 
over  the  inner  surface  of  the  tube  above 
the  meniscus  itself.  The  surface  tension 
of  this  film  draws  up  the  edges  of  the 
meniscus  and  thus  brings  into  play  a com- 
ponent force  pulling  up  a column  against 
gravity.  This  behaviour  may  be  used  as 
a method  of  measuring  the  surface  tension 
of  liquids,  but  needs  precautions  to  get 
accurate  results.  More  especially  is  it 
necessary  before  making  a reading  that  the 
whole  length  of  the  tube  be  wetted  by  the 
liquid.  This  may  be  done  by  causing  it 
to  flow  through  for  a moment. 

Another  method  used  to  measure  surface 
tension  indirectly  is  that  of  the  size  of 
drops.  The  size  to  which  a drop  of  a liquid 
issuing  from  a small  orifice  attains  before 
falling  off  depends  on  the  tension  of  its 
surface,  which  resists  the  action  of  gravity. 
Of  course,  in  comparing  different  liquids, 
their  specific  gravities  must  be  allowed 
for.  Further,  when  a solution,  and  not  a 
pure  liquid,  is  being  tested,  the  drop  must 
be  caused  to  form  quite  slowly.  This  is 
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because  solutes  tend  to  concentrate  in  the 
surface  film  by  the  process  of  adsorption 
to  be  discussed  later,  and  time  must  be 
given  for  diffusion  from  the  interior  of 
sufficient  amount  to  make  the  process 
complete.  Otherwise,  the  readings  will 
not  be  in  agreement  with  one  another. 

In  the  determination  of  the  surface 
tension  of  solutions,  we  see  that  the  methods 
described  above  (and  the  same  statement 
applies  to  the  direct  method  in  which  a 
wire  ring  or  a glass  slide  is  pulled  out  of 
the  surface  by  a measured  force)  determine 
what  may  be  called  the  “ static  ” surface 
tension,  that  is,  the  value  when  the  surface 
condensation  of  the  solute  has  become 
constant.  If  that  of  the  solution  itself 
apart  from  this  factor  is  required,  what  are 
called  the  “ dynamic  ” methods  must  be 
used.  Such  is  the  method  of  Rayleigh, 
in  which  the  length  of  waves  is  measured. 
Hartridge  and  Peters  have  recently  im- 
proved this  method  (Proc.  Roy.  Soc., 
A.  ioi,  p.  348).  The  object  aimed  at  in 
these  methods  is  to  measure  the  tension 
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of  a surface  which  is  continually  being 
renewed,  so  that  no  time  is  given  for  the 
surface  condensation  to  occur. 

The  direct  method  above  referred  to, 
in  which  the  torsion  of  a wire  required  to 
balance  the  surface  tension  is  determined, 
has  been  improved  by  Lecomte  du  Noiiy 
of  the  Rockefeller  Institute  and  by  his 
apparatus  very  rapid  measurements  of  a 
number  of  fluids  can  be  made. 

The  effect  of  the  majority  of  solutes  is 
to  lower  the  surface  tension  of  a pure 
liquid.  At  an  air- water  interface,  however, 
certain  inorganic  salts  in  somewhat  high 
concentration  are  found  to  raise  it.  This 
is  probably  due  in  part  to  the  fact  that  the 
solvent  as  well  as  the  solute  is  condensed 
in  an  interface.  If  the  solvent  is  more 
highly  adsorbed  than  the  solute,  the  surface 
film  will  be  less  concentrated  than  the  main 
body  of  the  solution.  Further  reference 
will  be  made  to  this  so-called  “ negative 
adsorption  ” in  a later  page. 

Since  surface  energy  tends  to  a minimum, 
it  is  obvious  that  the  drops  of  a liquid  take 


SURFACE  TENSION 


25 


a spherical  shape,  so  far  as  this  is  possible. 
The  area  of  the  surface  of  a sphere  is  less 
than  that  of  any  other  figure  of  an  equal 
volume.  It  follows  from  this  that  energy 
is  required  to  change  the  shape  of  a spherical 
drop,  because  any  other  form  has  a greater 
surface  area  and  therefore  more  surface 
energy.  A point  sometimes  overlooked  is 
that  the  surface  tension  per  unit  length  in 
any  given  liquid  is  always  the  same  what- 
ever the  area  this  liquid  is  made  to  cover. 
Thus  the  tension  in  the  wall  of  a soap 
bubble  does  not  change  when  the  bubble 
is  blown  larger ; hence  the  pressure  inside 
it  decreases  owing  to  the  diminution  of 
curvature,  and  that  inside  a small  bubble 
is  higher  than  that  in  a large  one,  so  that, 
if  joined  together  by  a connecting  tube, 
the  smaller  bubble  empties  itself  into  the 
larger  one.  In  this  way,  a soap  bubble 
differs  from  a blown-out  india-rubber  ball, 
in  which  the  internal  pressure  increases  as 
the  distension  becomes  greater. 

When  two  different  liquids  are  in  contact, 
the  tension  on  the  two  sides  of  the  inter- 
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face  will  very  rarely  be  the  same.  Thus 
the  surface  will  curve  towards  one  side  or 
the  other.  The  fact  has  some  important 
consequences.  Clowes  showed  that  sodium 
and  calcium  soaps  had  opposite  effects  in 
solution  in  oil  and  in  water.  A solution 
in  water  of  a sodium  soap  has  a lower 
surface  tension  than  when  dissolved  in 
oil.  Therefore  the  interface  between  such 
solutions  becomes  concave  on  the  oil  side 
and  an  emulsion  of  oil  in  water  is  formed. 
A calcium  soap,  on  the  other  hand,  has  a 
greater  tension  in  water  than  in  oil.  There- 
fore the  interface  is  concave  on  the  water 
side  and  an  emulsion  of  water  in  oil  is 
formed.  This  reversal  of  the  internal  and 
external  phases  has  its  bearing  on  the 
changes  of  permeability  in  the  cell  mem- 
brane, as  will  be  seen. 

The  difference  in  surface  tension  on 
opposite  sides  of  the  interface  is  also  the 
cause  of  the  “ intertraction " phenomena 
described  by  Almroth  Wright.  Serum 
passes  into  a layer  of  physiological  saline 
on  the  top  of  it  in  opposition  to  gravity 
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and  at  a rate  considerably  greater  than  that 
of  simple  diffusion.  An  emulsion  is  not 
produced,  of  course,  because  the  liquids 
are  freely  miscible.  The  possibility  of  the 
phenomenon  appears  to  have  been  pre- 
dicted by  Clerk  Maxwell  as  a result  of 
relative  surface  tensions,  and  it  has  been 
shown  by  Schoneboom  to  be  a general 
occurrence  common  to  all  solutes  in  any 
solvent.  Taking  the  case  of  serum  and 
saline,  the  surface  tension  of  the  former  is 
lower  than  that  of  the  latter,  so  that  the 
interface  is  concave  towards  the  saline, 
which  would,  if  immiscible,  tend  to  be 
emulsified  in  the  serum.  Being  miscible, 
it  is  carried  downwards  into  the  serum  and 
the  serum  rises  upwards  to  take  its  place. 


Other  Forms  of  Surface  Energy 

The  existence  of  electric  charges  at 
interfaces  has  already  been  alluded  to  and 
will  receive  further  consideration  in  relation 
to  adsorption.  It  is  also  to  be  remembered 
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that  chemical  reactions  may  also  be  taken 
part  in  by  the  molecules  of  the  surface. 
It  has  been  pointed  out  above  that  the 
whole  mass  is  not  concerned,  so  that  the 
rate  of  reaction  is  not  that  of  a simple 
mass  action,  unless  the  mass  is  of  so  porous 
a nature  that  all  its  molecules  are  equally 
accessible  to  the  solution  in  which  it  lies. 
This  is  held  by  Loeb  to  be  the  case  with 
proteins,  but  it  is  otherwise  a doubtful 
hypothesis  and  requires  proof.  In  the 
ordinary  case,  the  course  of  the  reaction 
will  clearly  be  different  according  to 
whether  the  products  of  the  reaction  are 
soluble  or  not.  In  the  former  case,  the 
whole  of  the  solid  phase  will  ultimately  be 
dissolved,  as  zinc  in  sulphuric  acid.  In 
the  latter  case,  an  insoluble  film  will  be 
formed,  which  hinders  further  access  of 
the  dissolving  reagent,  as  calcium  carbonate 
in  oxalic  acid. 

In  any  case,  it  must  not  be  supposed 
that  all  the  peculiarities  of  interfacial 
phenomena  are  to  be  explained  on  the 
basis  of  a simple  mechanical  surface  tension 
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of  the  usual  kind.  Hasty  statements  of 
this  nature  have  led  to  some  misunder- 
standing. 

Before  proceeding  to  discuss  the  physio- 
logical phenomena  in  which  interfacial 
forces  play  a prominent  part,  attention 
may  be  called  to  the  propensity  in  certain 
quarters  of  assuming  the  existence  of 
special  chemical  compounds  to  account 
for  every  new  activity  observed.  This 
should  not  be  done  until  the  compound 
has  been  shown  to  exist  and  its  properties 
investigated.  Names  are  given  to  these 
imaginary  substances,  although  the  names 
merely  serve  to  state  the  fact.  More 
knowledge  of  the  possibilities  of  reactions 
in  heterogeneous  systems  will  make  many 
of  these  names  superfluous  and  obsolete. 
Ehrlich's  “ side-chain  ” theory,  with  its 
elaborate  terminology,  has  largely  dis- 
appeared, although  it  has  served  a good 
purpose  in  suggesting  problems  for  investi- 
gation. Le  Dantec  has  made  the  satirical 
suggestion  of  calling  the  various  imaginary 
chemical  compounds  referred  to  “ pheno- 
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merlins.”  Their  assumption  merely  serves 
to  hide  ignorance  and  leads  to  no  advance 
in  knowledge.  It  may  be  admitted, 
however,  that  a name  for  a particular 
phenomenon  sometimes  has  a good  purpose 
in  enabling  fewer  words  to  be  used  in 
description  of  it.  But  these  names  should 
never  be  given  such  a form  as  to  suggest 
definite  chemical  individuals,  until  they 
are  actually  shown  to  exist. 

It  is  proposed  in  the  succeeding  pages 
to  consider  first  of  all  two  general  bodies 
of  phenomena  which  are  met  with  more  or 
less  universally — adsorption  and  the  col- 
loidal state.  It  will  only  be  possible, 
however,  to  discuss  certain  aspects  of  these 
which  have  come  into  some  prominence  in 
recent  times.  Following  this,  some  special 
physiological  phenomena  will  be  looked  at 
from  the  point  of  view  of  the  facts  brought 
out  in  the  more  general  discussion. 


CHAPTER  III 

ADSORPTION 

Theories  and  Explanations 

THE  question  of  adsorption  is  still 
a somewhat  vexed  and  con- 
tentious one.  There  is  no  doubt 
that  on  the  surface  of  a solid  phase  in 
contact  with  a liquid  or  gaseous  one,  or 
at  the  interfaces  of  liquids  with  each  other 
or  with  gases,  there  is  a condensation  of 
the  liquid  or  gas.  If  the  liquid  contains 
a solute,  it  usually  happens  that  this 
solute  attains  a higher  concentration  in 
the  interface  than  in  the  body  of  the 
solute.  But  the  reverse  may  happen ; 
the  solvent  may  be  adsorbed  more  than  the 
solute,  so  that  the  concentration  of  the 
solute  in  the  body  of  the  solution  may 
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rise.  While  there  is  no  denial  of  the  fact 
that  charcoal  takes  up  various  gases,  or 
coloured  substances  out  of  watery  solution, 
if  any  suggestion  is  made  that  any  forces 
other  than  those  involved  in  combination 
in  molecular  proportions  and  dealt  with 
in  the  theories  of  “ classical  ” chemistry 
are  concerned,  a certain  school  of  workers 
will  have  none  of  it.  It  is  a curious  fact 
that  the  subject  seems  for  some  reason  to 
cause  writers  on  it  to  make  use  of  satirical 
and  contemptuous  language  in  referring 
to  the  views  of  their  opponents.  I fear 
that  this  charge  has  to  be  made  chiefly 
against  those  who  uphold  purely  “ chemi- 
cal ” views.  It  will  be  well  therefore  to 
mention  a few  cases  which  seem  to 
require  the  intervention  of  forces  of  a 
different  nature,  or  acting  in  a different 
way,  from  those  involved  in  ordinary 
combination  in  stoichiometrical  ratio. 

When  colloidal  silica  is  brought  into 
equilibrium  with  water  vapour  at  different 
tensions,  it  was  shown  by  van  Bemmelen 
that  to  every  tension  there  corresponds  a 
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different  value  of  water  content  of  the  solid 
phase.  This  is  in  striking  contrast  to  what 
happens  with  sodium  sulphate.  Figure  2, 
in  a diagrammatic  form,  represents  the 


Fig.  2.  Adsorption  and  Chemical  Combination. 

(Bancroft  : “ Applied  Colloid  Chemistry." 
McGraw-Hill  Co.) 


two  cases.  The  ordinates  represent  the 
pressure  of  water  vapour  and  the  abscissae 
the  amount  of  water  taken  up  by  unit  mass 
of  the  solid.  The  curve  OH  represents 
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the  case  of  silica,  and  is  known  as  the 
typical  “ adsorption  isotherm/'  since  the 
temperature  is  supposed  constant.  The 
curve  OABCDE  is  that  of  sodium  sulphate. 
Along  the  line  OA  the  solid  phase  is  anhy- 
drous ; no  water  is  taken  up.  Along  the 
line  AB  the  pressure  remains  constant 
until  enough  water  has  been  taken  up  to 
convert  the  sodium  sulphate  entirely  into 
Na2S04.io  H20.  Along  BC  the  pressure 
continues  to  rise,  but  nothing  happens 
until  C,  at  which  point  more  water  begins 
to  be  taken  up  until  a saturated  solution 
of  sodium  sulphate  is  formed.  Along  DE 
the  saturated  solution  takes  up  water 
continuously.  The  characteristic  of  the 
adsorption  curve  is  the  steady  continuous 
change  with  rise  of  concentration ; the 
steps  due  to  definite  chemical  compounds 
are  absent. 

Charcoal  takes  up  various  gases  in 
different  amounts,  at  low  temperatures 
even  the  inert  gases,  argon,  neon,  etc.  If 
chemical  combination  in  the  usual  sense 
were  the  explanation,  it  is  difficult  to  see 
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why  argon  at  low  temperatures  should 
be  “ adsorbed  ” to  practically  the  same 
extent  as  nitrogen  or  hydrogen.  Further, 
as  Bancroft  points  out,  if  the  adsorption 
of  chlorine  by  charcoal  is  a chemical 
combination,  why  is  it  so  difficult  to  obtain 
compounds  of  carbon  and  chlorine  by 
direct  action  ? 

Another  curious  case  is  one  that  I met 
with  in  some  work  on  the  properties  of 
Congo-red.  It  is  easy  by  dialysis  to  obtain 
a colloidal  solution  of  the  free  acid  of  this 
dye,  which  is  itself  a sodium  salt.  This 
acid  is  of  a blue  colour,  whereas  its  salts 
are  red.  If  a colloidal  solution  of  the 
hydroxide  of  aluminium,  thorium  or  zirco- 
nium, free  from  acid  or  alkali,  is  added  to 
such  a blue  solution,  an  insoluble  blue 
complex  of  the  two  colloids  is  formed.  If 
this  blue  " compound  ” is  warmed,  true 
combination  occurs  with  production  of 
the  red  salt.  The  change  also  occurs 
slowly  at  room  temperature.  The  precise 
explanation  of  the  facts  is  difficult.  It 
may  be  that  the  insoluble  blue  acid  is  a 
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“ pseudo-acid  ” and  is  converted  into  the 
true  acid,  which  is  stronger,  by  heat.  But 
this  does  not  affect  the  circumstance  that 
some  sort  of  association  by  contact  takes 
place,  without  chemical  combination. 
Similar  phenomena  may  be  seen  with 
porous  earthenware  and  with  silk,  in  the 
presence  of  calcium  sulphate,  when  these 
solids  are  taken  in  place  of  the  hydroxides. 
It  will  be  seen  presently  that  the  necessity 
for  the  presence  of  the  electrolyte  in  the 
case  of  silk  is  because  the  blue  acid  has  a 
negative  electrical  charge.  The  hydroxides 
and  the  porous  clay  are  positive,  so  that 
their  electric  charges  do  not  repel.  Silk 
has  a negative  charge  and  repels  the  acid, 
unless  its  charge  is  neutralized  by  the 
positive  bivalent  calcium  ions. 

Admitting  the  existence  of  adsorption, 
as  I think  we  must,  what  is  the  explanation 
of  the  way  in  which  it  is  brought  about  ? 
What  are  the  forces  which  come  into  play  ? 
It  must  be  admitted  that  up  to  the  present 
no  simple  satisfactory  or  general  theory 
has  been  put  forward.  It  is  probable  that 
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various  factors  are  concerned,  both  chemical 
and  physical,  one  or  the  other  being  pre- 
dominant according  to  circumstances.  An 
exclusive  adherence  to  either  of  these 
alone  presents  difficulties. 

The  thermodynamical  treatment  of 
adsorption  adopted  by  Willard  Gibbs  is 
familiar  to  all.  We  have  seen  that  most 
solutes  depress  the  surface  tension  of  the 
liquid  in  which  they  are  dissolved.  If 
they  become  concentrated  in  the  surface 
they  will  have  more  effect  in  this  way. 
Now  the  surface  film  possesses  free  energy 
and  the  second  law  of  energetics  tells  us 
that  free  energy  always  decreases,  if  it 
can.  Thus  we  expect  to  find  concentration 
of  the  solute  in  the  interface.  Gibbs  has 
further  proposed  a mathematical  expres- 
sion on  the  basis  of  surface  tension  of  the 
mechanical  kind.  Experimental  work  has 
shown  that  there  are  some  cases  which 
follow  the  Gibbs  formula,  while  in  other 
cases  more  solute  is  adsorbed  than  cor- 
responds to  the  amount  expected.  It 
appears  that  these  cases  which  do  not  follow 
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the  formula  are  such  that  other  factors 
than  mechanical  surface  tension  may  be 
supposed  to  be  present.  They  are 
electrically  charged  colloids  or  electro- 
lytically  dissociated  substances.  Perhaps 
aggregation  of  colloids  may  also  play  a 
part.  It  has  been  pointed  out  by  Wolfgang 
Ostwald  that  Gibbs'  application  of  the 
second  law  of  energetics  to  adsorption  is 
to  be  extended  to  surface  energy  of  any 
kind,  whether  mechanical,  electrical  or 
even  chemical.  But,  like  all  thermo- 
dynamic reasoning,  although  the  con- 
clusions as  to  what  must  occur  are  always 
cogent,  we  are  not  given  any  information 
as  to  the  mechanism  of  the  process.  We 
have  therefore  to  inquire  what  hypotheses 
have  been  suggested  as  to  this  mechanism. 

Prof.  Matthews  in  an  interesting  article 
in  " Physiological  Reviews  ” advocates 
forces  of  “ cohesion  ” or  attraction  between 
molecules  as  the  cause  of  adsorption.  We 
have  seen  that  in  the  case  of  liquids  cohesion 
is  identical  with  the  classical  Young- 
Laplace  “ internal  pressure,"  which  is  the 
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cause  of  surface  tension.  When  dealing 
with  solid  surfaces,  it  is  doubtless  preferable 
to  speak  of  “ cohesion/ ’ rather  than  surface 
tension.  But  it  is  difficult  to  understand 
why  a distinction  is  made  between  surface 
tension  and  cohesive  forces. 

A consideration  of  certain  statements 
made  by  Matthews  will  give  us  opportunity 
for  the  discussion  of  other  views  on  ad- 
sorption. As  we  have  seen,  there  are 
certain  cases  which  require  some  mental 
gymnastics  to  account  for  on  a purely 
chemical  basis.  Whatever  happens  after 
adsorption  has  taken  place,  no  sufficient 
proof  has  yet  been  given  of  chemical 
forces  capable  of  bringing  about  a greater 
concentration  on  an  inert  surface  than  in 
the  body  of  the  solution.  This  will  be 
more  evident  after  we  have  examined  the 
views  of  Langmuir. 

Matthews  says  that  “ cohesion  and 
chemical  affinity  are  not  the  same.”  It 
has  been  already  pointed  out  above  that 
the  Braggs'  work  on  crystal  structure  has 
made  it  pretty  clear  that  they  are  identical, 
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at  all  events  in  crystals.  The  question 
may  well  be  asked — Are  we  justified  in 
attempting  to  distinguish  between  chemical 
and  physical  forces  in  the  atomic  and 
molecular  region  ? There  is  no  real  opposi- 
tion between  the  two  points  of  view. 
Why  should  there  be  such  violent  attempts 
to  prove  adsorption  to  be  exclusively  one 
or  the  other  ? The  important  thing  is — 
What  is  it  ? An  explanation  which  serves 
for  a few  facts  only  is  an  incomplete  one. 
Some  phenomena  may  be  easily  explained 
on  a purely  chemical  basis  of  the  ordinary 
kind,  others  not  at  all  or  only  by  giving  an 
unusual  meaning  to  the  name  “ chemical/ ’ 
There  is  no  doubt  that  there  are  cases,  such 
as  that  of  water  of  crystallization,  which 
serve  as  transitions  between  what  are 
chemical  phenomena  in  the  strict  sense  and 
physical  attachment.  And  it  seems  to 
the  writer  that  to  insist  too  strongly  on 
the  chemical  nature  even  of  water  of 
crystallization  tends  to  obscure  and  mini- 
mize the  essential  characters  of  chemical 
combination,  where  the  chemical  properties 
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of  the  compound  are  greatly  changed. 
Water  behaves  as  a chemical  reagent  very 
differently  from  hydrogen  and  oxygen.  For 
example,  it  combines  with  P205  to  make 
H3PO4.  Hydrogen  and  oxygen  will  not 
do  so.  There  can  be  no  doubt  that  true 
chemical  combination  is  associated  with 
changes  in  the  internal  mechanism  and 
structure  of  the  atoms  concerned.  In  this 
process,  energy  is  given  off  or  taken  in. 
Although  heat  is  given  off  in  the  process 
of  adsorption — a fact  not  to  be  overlooked 
— the  source  of  this  energy  is  the  compres- 
sion involved  in  the  condensation,  the 
molecules  being  pressed  closer  together. 
It  is  similar  to  the  heat  evolved  in  the 
compression  of  a gas  by  a pump.  Of 
course,  we  expect  ultimately  to  express 
chemical  facts  in  terms  of  atomic  structure, 
but  for  the  present  there  is  a place  for 
a science  of  chemistry,  with  its  own  laws. 
The  position  is  similar  to  that  of  biology. 
Although  we  may  believe  that  its  data  will 
sometime  be  expressed  in  physico-chemical 
language,  for  the  present  we  must  be  con- 
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tent  with  a body  of  doctrine  which  consists 
for  the  most  part  of  laws  only  capable  of 
expression  in  a terminology  peculiar  to 
vital  phenomena. 

To  return  to  the  problem  of  adsorption. 
When  Matthews  states  that  it  is  not 
certain  that  a capillary-active  substance 
will  concentrate  at  a solid-liquid  or  liquid- 
liquid  (“  dineric  ”)  interface,  the  reply 
may  be  made  that  if  " capillary-active  ” 
means  “ depressing  surface  energy/'  a 
failure  to  concentrate  would  contravene 
the  second  law  of  energetics,  a thing  which 
does  not  happen  in  the  present  world. 

It  is  difficult  to  understand  in  what  sense 
we  are  to  interpret  the  statement  that 
“ chemical  and  physical  dissociations  follow 
the  same  isotherm."  No  cases  are  given, 
but  we  have  seen  that  this  is  not  always  so. 
We  must  remember  that  we  are  dealing 
with  heterogeneous  systems  where  the 
phase  rule  applies.  A typical  case  of 
chemical  dissociation  is  that  of  calcium  car- 
bonate, worked  out  by  Le  Chatelier.  Ex- 
pose this  solid  at  a temperature  of  745  ° to 
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a current  of  carbon  dioxide  at  atmospheric 
pressure.  No  change  occurs.  Gradually 
reduce  the  pressure.  Still  there  is  no 
change  until  the  pressure  falls  to  29  mm., 
when  the  whole  of  the  carbon  dioxide  is 
given  off  from  the  carbonate  and  the  oxide 
remains.  There  is  no  gradual  process. 
We  shall  see  later  the  application  of  this 
behaviour  to  the  dissociation  of  oxyhaemo- 
globin. 

A characteristic  of  adsorption  is  that  its 
degree  is  proportional  to  each  definite 
concentration  in  the  liquid  phase.  If  this 
concentration  is  lowered,  some  of  the 
adsorbed  solute  comes  away.  This  is 
regarded  by  Matthews  as  also  a property 
of  chemical  compounds.  It  is  however 
only  true  when  a compound  is  already 
dissociated  by  hydrolysis.  In  this  case, 
if  the  acid  or  base  is  more  soluble  in  some 
other  solvent,  shaking  with  this  solvent 
will  separate  the  two  constituents.  But 
it  is  not  the  presence  of  the  new  solvent 
that  causes  the  dissociation.  The  pheno- 
menon only  occurs  in  hydrolytic  dissociation. 
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Although  hydrochloric  acid  is  soluble  in 
benzene,  sodium  chloride  is  not  decom- 
posed by  shaking  a watery  solution  with 
benzene. 

We  may  now  turn  to  the  views  of 
Langmuir,  who  certainly  gives  an  explana- 
tion of  some  cases  of  adsorption.  Those 
to  whom  it  gives  comfort  may  call  his  theory 
a chemical  one,  but  it  is  so  in  the  same 
sense  as  cohesion  is.  As  Sam  Weller  said, 
" it  depends  on  the  taste  and  fancy  of  the 
speller/' 

The  cases  in  question  are  those  in  which 
ions  are  adsorbed  by  crystal  surfaces.  We 
have  seen  that  the  surface  atoms  have  what 
might  be  called  “ potentially  free  valencies." 
They  occupy  definite  points  of  the  lattice 
and  may  combine  chemically  with  ions  of 
opposite  sign.  Thus  the  sodium  atoms  in 
a crystal  of  sodium  chloride  may  combine 
with  anions  present  in  a solution  in  contact 
with  the  crystal.  The  chlorine  atoms  may 
combine  with  cations.  It  will  be  seen  that 
the  adsorbed  layer  cannot  be  more  than 
one  molecule  thick,  and  this  is  often  the  case. 
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On  the  other  hand,  it  appears  that  the 
layer  on  non-crystalline,  amorphous,  sur- 
faces may  be  thicker.  It  has  been  sug- 
gested that  solid  solution  in  the  mass  of  the 
adsorbent  may  take  place,  but  this  is 
merely  hypothetical.  The  allied  question 
of  imbibition  will  be  discussed  later. 

With  regard  to  these  inert  amorphous 
bodies,  we  may  justifiably  ask  for  evidence 
of  chemical  combination  between  charcoal 
or  carborundum  and  saponin  or  amyl 
alcohol. 


Orientation 

The  views  of  Langmuir  in  this  connexion 
are  of  much  interest  and  are  more  strictly 
chemical.  Suppose  we  take  the  case  of 
adsorption  of  a fatty  acid,  such  as  butyric 
acid  on  the  surface  of  carborundum  or 
kaolin.  If  we  hold  that  the  adsorbed 
layer  cannot  be  more  than  one  molecule 
thick,  it  is  clear  that  the  number  of  mole- 
cules that  can  be  packed  on  will  depend  on 
their  position,  if  they  are  thicker  in  one 
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direction  than  in  another.  In  the  case  of  a 
long  chain  acid,  the  amount  adsorbed  is 
greater  than  could  be  accommodated  if  the 
molecules  were  lying  flat  on  the  surface.  It 
must  therefore  be  supposed  that  they  stand 
upright.  Since  the  carboxyl  group  has  a 
greater  affinity  for  water  than  the  hydro- 
carbon group  has,  it  is  reasonable  to  expect 
these  ends  of  the  acid  to  be  directed  out- 
wards into  the  water  phase.  Other  cases 
might  be  given,  such  as  that  of  benzene, 
where  the  rings  appear  to  lie  flat  until  com- 
bined with  some  group  having  an  affinity 
for  water.  In  this  case,  the  rings  are 
turned  edgewise  in  order  to  direct  this 
group  towards  the  water.  When  we  come 
to  speak  of  enzymes,  it  will  be  seen  that 
these  views  have  important  implications. 
But  while  the  affinity  of  carboxyl  for  water 
may  be  accepted,  it  is  not  so  easy  to  suppose 
that  the  hydrocarbon  chain  has  affinity  for 
kaolin  or  charcoal.  Thus  the  arrangement 
described  above  is  in  all  probability  present 
after  the  molecules  have  condensed  on  the 
surface.  But  it  is  not  so  clear  what  forces 
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cause  the  concentration  on  the  surface  to 
be  greater  than  in  the  main  body  of  the 
solution.  It  remains  to  be  shown  what  it 
is  that  holds  a molecule  on  the  surface  when 
it  has  no  chemical  affinity  for  the  material 
of  this  surface.  The  movements  of  the 
molecules  in  the  liquid  phase  bring  them  into 
contact  with  the  surface,  but  if  they  are  to 
remain  there  and  so  become  concentrated, 
it  seems  that  some  kind  of  force  must  hold 
them. 

On  the  whole,  while  Langmuir’s  theories 
account  satisfactorily  for  some  particular 
cases,  further  development  is  necessary  in 
order  to  form  a general  theory  of  adsorp- 
tion. 

It  seems  possible  that  some  evidence 
might  be  obtained  of  the  formation  of  com- 
pounds with  naphthalene  or  other  sub- 
stance, which  though  insoluble  in  water  is 
soluble  in  some  other  liquid.  In  true 
solution,  it  should  form  more  of  the 
compound  than  when  in  suspension  in 
water. 
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Electrical  Adsorption 

In  the  discussion  of  this  aspect  of  the 
problem  of  adsorption,  it  will  probably  be 
best  to  describe  first  certain  facts  in  con- 
nexion with  dyeing  and  staining  and  then  to 
consider  the  explanation  of  these  facts.  I 
believe  that  I was  the  first  to  call  attention 
to  the  relation  of  this  process  to  electrical 
charges,  although  the  basal  phenomenon 
as  regards  colloids  had  been  pointed  out  by 
Victor  Henri  and  Larguier  des  Bancels  at 
an  earlier  date  than  my  paper,  which 
was  unfortunately  published  in  the  " Bio- 
chemical Journal  ” in  1906.  This  journal 
was  not  widely  known  at  that  time  and  my 
work  has  been  lost  sight  of.  Being  engaged 
on  some  problems  in  connexion  with  the 
intervention  of  adsorption  in  the  action  of 
enzymes  and  wishing  to  investigate  a 
simple  case  in  which  the  chemical  nature  of 
the  reacting  substances  was  known,  I took 
Congo-red  as  taken  up  by  filter-paper. 

To  my  surprise  I found  that  the  purer  the 
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paper,  that  is,  the  less  ash  it  contained,  the 
less  dye  was  adsorbed.  The  addition  of  a 
neutral  salt,  even  sodium  chloride  in  small 
amount,  caused  an  increase.  Further 
experiments  showed  that  it  was  the  cation 
of  the  salt  that  was  responsible  and  that 
bivalent  ions  were  very  much  more  effective 
than  univalent  ions.  The  anion  was 
almost  without  effect ; what  there  was 
appeared  to  be  opposite  in  direction  from 
that  of  the  cation.  Other  so-called 
“ acidic  ” dyes,  that  is,  neutral  salts  in 
which  the  coloured  component  is  the  acid 
or  anion,  gave  similar  results. 

The  case  was  different  with  “ basic  ” 
dyes,  in  which  the  coloured  constituent  of 
the  salt  is  the  base  or  cation.  Here,  the 
purer  the  paper,  the  more  dye  was  ad- 
sorbed, while  electrolytes  depressed  the 
effect.  Again  it  was  the  cation  of  the  salt 
that  was  concerned. 

At  this  point,  it  is  necessary  to  refer  to  a 
recent  paper  by  Michaelis  and  Rona  (1920), 
which  is  quoted  by  Matthews  in  support  of 

his  contention  that  “ the  adsorption  of 
4 
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electrolytes  is  due  to  chemical  forces.” 
These  authors  state  that  the  adsorption  of 
basic  dyes  is  due  to  their  chemical  combina- 
tion with  the  ash  of  the  paper.  My 
contrary  result,  that  the  less  salt  the 
greater  the  adsorption,  is  so  easy  to  obtain 
that  I use  it  as  a regular  class  exercise,  and 
it  is  quite  beyond  my  comprehension  how 
careful  observers  could  have  obtained  any 
other  result.  In  any  case,  Matthews’  argu- 
ment falls  to  the  ground. 

Michaelis  and  Rona  state  further  that  it 
is  because  the  calcium  compounds  of  the 
dyes  in  general  are  insoluble  that  they  are 
fixed  in  the  paper.  But  sodium-ions  are 
very  effective  with  Congo-red  and  the 
sodium  salt  in  this  case  is  soluble. 

It  is  interesting  to  note,  however,  that 
these  observers  find  that  there  is  true 
adsorption,  apart  from  chemical  combina- 
tion, in  the  case  of  charcoal. 

I pass  on  to  the  explanation  of  the  facts 
concerning  the  dyeing  of  paper.  What 
V.  Henri  and  L.  des  Bancels  found  was  that 
Congo-red  or  aniline-blue  did  not  readily 


ADSORPTION 


51 


stain  gelatin.  It  was  also  found  that  both 
gelatin  and  these  dyes  possess  negative 
electrical  charges  and  therefore  repel  one 
another.  If  they  added  barium  nitrate,  the 
gelatin  became  deeply  stained.  The  ex- 
planation given  was  that  the  barium  ions 
neutralized  or  reversed  the  charge  on  the 
dye,  so  that  the  obstacle  to  the  attachment 
to  the  gelatin  was  removed.  Let  us  see 
how  this  applies  to  our  case.  I may  note, 
to  begin  with,  that  in  my  original  paper  I 
adopted  the  hypothesis  that  the  electro- 
lyte reverses  the  charge  on  the  dye,  but  the 
form  of  the  explanation  given  in  the  follow- 
ing lines  is  more  in  accordance  with  other 
facts,  as  will  be  seen. 


Origin  of  Electric  Charge  on  Surfaces 

Quincke  found  that  most  chemically 
inert  and  insoluble  bodies  possess  a negative 
charge  in  water.  This  was  confirmed  and 
investigated  further  by  Perrin.  It  appears 
that  this  charge  may  have  a different 
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origin  in  various  cases,  and  it  is  to  be 
remembered  that  the  considerations 
brought  forward  apply  not  only  to  surfaces 
of  visible  dimensions,  but  also  to  those  of 
colloidal  particles. 

It  was  pointed  out  by  Coehn  that  when 
two  substances  of  different  dielectric  con- 
stant are  brought  into  contact,  that  with 
the  lower  constant  becomes  negative  to  the 
other.  Water  has  a higher  dielectric 
constant  than  paper,  so  that  we  should 
expect  the  latter  to  be  charged  negatively. 
This  fact  is  connected  with  the  phenomena 
of  frictional  electricity,  and  it  is  possible 
that  the  negative  charge  on  drops  of 
paraffin  in  water,  as  shown  by  Lewis,  may 
be  due  to  friction  as  they  move  through 
the  water. 

Another  cause  of  electric  charge  is  the 
adsorption  of  ions,  owing  to  their  reduction 
of  surface  energy  of  some  kind.  It  will  be 
clear  that  a layer  of  cations  on  a surface  will 
give  it  a charge  of  positive  sign  ; of  anions 
a negative  charge.  Perrin  showed  that  the 
sign  of  the  charge  on  many  surfaces  can  be 
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reversed  by  the  action  of  acids  or  alkalies, 
as  the  case  may  be.  Paper,  however,  is 
refractory  to  acids,  the  negative  charge 
being  diminished,  but  not  reversed,  by 
m/30  hydrochloric  acid. 

A third  means  by  which  a charge  may  be 
given  to  a surface  is  electrolytic  dissociation 
of  the  material  of  the  surface  itself.  The 
molecules  of  the  surface  of  a particle  of 
silicic  acid  dissociate  into  hydrogen-ions 
and  silicic  anions.  The  former  being 
soluble  tend  to  diffuse  away  into  the  sur- 
rounded water,  while  the  latter  being 
insoluble  remain  on  the  surface,  giving  it  a 
negative  charge.  But  owing  to  electro- 
static attraction,  the  former  cannot  get 
further  than  a very  short  distance  away 
from  the  opposite  ions.  Thus  there  is 
formed  a Helmholtz  double-layer.  Alu- 
minium hydroxide  gives  off  OH-ions  and  is 
left  with  a positive  charge.  The  colloidal 
particles  coated  with  ions  in  this  way  are 
called  by  Hardy  " colloidal  ions/' 

Ferric  hydroxide  is  interesting.  As  pre- 
pared in  the  usual  way  in  presence  of 
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excess  of  ferric  chloride,  the  particles  have 
a positive  charge,  possibly  owing  to  electro- 
lytic dissociation  of  the  surface  or  to 
adsorption  of  hydrogen-ions.  But,  as 
Powis  showed,  if  precipitated  by  excess  of 
sodium  hydroxide,  it  has  a negative  charge. 
It  is  difficult  to  explain  the  facts  otherwise 
than  as  due  to  adsorption  of  OH-ions.  If 
the  negative  ferric  hydroxide  were  a sodium 
ferrate  or  ferrite,  it  would  possess  an 
osmotic  pressure,  which  I find  to  be 
absent. 

Turning  now  to  the  nature  of  the  dyes 
used,  we  note  that  they  are  mostly  electro- 
lytically  dissociated  salts.  In  the  “acidic  ” 
dyes,  the  anion  is  a complex  organic 
coloured  compound,  the  cation  is  usually 
sodium.  In  the  “ basic  ” dyes,  the  cation 
is  the  complex  coloured  compound ; the 
anion,  usually  chlorine. 

Imagine  these  in  the  presence  of 
negatively  charged  paper.  The  colloidal 
negative  ion  of  the  acid  dye  is  repelled  by 
the  similar  charge  on  the  paper.  If 
deposited,  it  would  raise  the  free  energy  by 
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increasing  the  charge,  and  this  is  contrary  to 
the  second  law  of  energetics.  When  the 
charge  on  a surface  is  actually  increased  by 
adsorption  of  ions,  the  energy  required  is 
afforded  by  some  other  source,  such  a sur- 
face energy  of  the  mechanical  kind.  On 
the  other  hand,  the  positively  charged 
coloured  cation  of  the  basic  dyes  is  power- 
fully attracted  by  the  negative  paper  and 
reduces  the  charge. 

Harrison  has  shown  that  there  is  an 
optimum  temperature  for  the  adsorption 
of  dyes,  at  which  the  amount  taken  up  is 
the  maximum.  It  was  found  that  at  this 
temperature  the  electric  charge  was  also  at 
its  maximum.  The  reason  for  this  effect 
of  temperature  on  the  charge  is  not  clear. 

Now  Perrin  showed  that  the  charge  on 
surfaces  can  be  reduced  or  reversed  by 
electrolytes.  Since  our  paper  surface  is 
negative,  it  is  the  cation  of  the  electrolytes 
that  is  active — the  anion  would  raise  the 
free  energy.  When  the  charge  on  paper  is 
decreased  or  reversed,  an  acidic  dye  can 
be  adsorbed,  but  that  of  basic  dyes  is 
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retarded,  as  we  found.  The  electrolytes 
in  question  may  be  added,  or  they  may 
already  be  present  in  the  paper  if  ordinary 
filter  paper  be  used. 

We  may  note  that  the  process  is  not 
chemical  in  the  proper  sense.  Heating  the 
system,  however,  causes  combination,  which 
takes  place  slowly  even  at  room  tempera- 
ture. When  this  has  taken  place,  the  dye 
cannot  be  removed  by  soaking  in  water, 
whereas  this  can  be  done  when  the  stain  is 
fresh  and  not  heated.  The  simplest  way 
to  show  this  is  to  place  a dyed  piece  of 
paper  in  water  along  with  an  unstained 
piece.  The  latter  gradually  becomes 
stained. 

An  interesting  point  is  that  the  addition 
of  alcohol  increases  the  adsorption  of  an 
acid  dye,  decreases  that  of  a basic  dye.  The 
explanation  of  this  behaviour  is  obvious. 
The  negative  charge  on  the  paper  is 
diminished  by  alcohol  because  of  its  lower 
dielectric  constant  than  that  of  water.  The 
decrease  of  electrolytic  dissociation  may 
also  play  a,  part.  The  use  of  alcohol  for 
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removal  of  dye  in  histological  differentiation 
is  a common  practice. 

When  an  acidic  dye  has  been  adsorbed  by 
paper  under  the  influence  of  salts,  it  is  very 
difficult  to  remove  it  by  washing  with  water. 
The  charge  having  been  neutralized  by  the 
adsorption  of  ions,  these  ions  are  held  by 
electrical  forces.  To  enable  them  to  be 
removed,  something  must  be  done  to  restore 
the  original  negative  charge  of  the  paper. 
It  is  sometimes  possible  to  do  this  with 
alkalis,  but  the  difficulty  is  that  there  is 
always  the  cation  of  the  alkali  present  to 
oppose  the  effect. 

It  is  a curious  fact  that  the  phenomena 
described  seem  to  happen  only  with  col- 
loidal dyes  (or  large  molecules).  Staining 
with  picric  acid  is  unaffected  by  electrolytes. 
Perhaps  a true  chemical  compound  is 
formed  by  this  somewhat  powerful  reagent. 
If  the  dye  is  an  electrically  charged  colloid 
but  not  a salt,  such  as  " Scharlach  R.”  a 
so-called  “ indifferent  ” dye,  which  does  not 
form  salts  with  either  acids  or  bases  accord- 
ing to  Michaelis,  it  is  affected  by  salts  in  the 
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same  way  as  congo-red  is.  The  fact  that 
this  dye  stains  paper  according  to  rule, 
although  it  forms  no  salts,  places  a diffi- 
culty in  the  way  of  interpretation  of  dyeing 
as  a form  of  chemical  combination.  In  the 
presence  of  gelatin,  the  effect  of  electrolytes 
is  practically  absent,  just  as  in  the  case  of 
colloids.  Presumably  the  paper  is  coated 
with  a layer  of  emulsoid  insensitive  to 
electrolytes.  Complex  conditions  are 
present  when  the  protective  colloid  is  itself 
a salt  with  an  acid  or  base.  In  the  former 
case,  the  effect  of  the  electrolytes  is  in- 
creased ; in  the  latter,  decreased.  No 
simple  explanation  is  forthcoming. 

It  is  rather  remarkable  that  hydrogen 
and  hydroxyl-ions  have  comparatively  little 
effect  on  the  adsorption  of  dyes  by  paper. 
This  also  needs  explanation. 

Matthews,  in  the  article  referred  to  above, 
objects  to  the  introduction  of  electrical 
charge  into  the  theory  of  adsorption  on  the 
ground  that  the  union  of  sodium-  and 
chlorine-ions  should  then  be  called  adsorp- 
tion. On  this  point,  we  may  remember 
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that  modern  theory,  advocated  chiefly  by 
G.  N.  Lewis,  makes  it  most  acceptable  to 
adopt  the  view  that  strong  electrolytes  in 
solution  in  water  are  completely  dissociated. 
Thus,  sodium  chloride  is  not  present  as  such 
in  solution,  only  its  ions  not  in  combination 
exist  there.  Further,  sodium  chloride  has 
totally  different  chemical  properties  from 
those  of  its  constituents,  whereas  dyed 
paper  has  not.  The  fact  of  heterogeneity 
is  also  overlooked.  The  electric  charge  on 
a surface  may  be  other  than  ionic  in  origin. 
The  fact  of  fixation  in  some  way  is  the 
important  point. 


Dyeing  and  Staining  in  Histology 

The  facts  referred  to  above  have  an  ob- 
vious bearing  on  the  theory  of  dyeing  and 
staining.  There  are  many  factors  entering 
into  the  varied  and  elaborate  technique  of 
the  histologist,  but  the  meaning  of  these  is 
not  yet  clear.  We  may  call  attention  to 
some  points  which  arise  from  what  has  been 
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said  above  and  to  others  which  indicate 
the  inadequacy  of  some  current  views. 

We  have  seen  that  the  work  of  Perrin 
shows  that  in  alkaline  media  inert  solid 
surfaces  take  on  a negative  charge.  This 
seems  to  be  due  to  adsorption  of  hydroxyl- 
ions.  When  these  structures  are  of  protein 
nature,  it  is  likely  that  the  electrolytic 
dissociation  of  metallic  salts  of  protein  (in 
the  cell,  usually  of  sodium,  potassium  or 
calcium)  by  which  an  insoluble  protein 
anion  remains  on  the  surface,  plays  an 
important  part.  The  reaction  of  the  cell 
contents  is  normally  on  the  alkaline  side  of 
that  of  water  and  certainly  of  the  isoelectric 
points  of  these  proteins.  Other  inert  struc- 
tures, such  as  those  of  carbohydrate  or  lipoid 
nature,  will  also  have  a negative  charge  by 
adsorption  of  hydroxyl-ions,  even  if  elec- 
trolytic dissociation  is  absent.  We  may 
reasonably  expect  that  the  behaviour  of 
such  constituents  to  dyes  and  the  effect  of 
electrolytes  upon  them  will  be  in  accord- 
ance with  the  phenomena  with  filter  paper. 
This  appears  to  be  the  case  in  the  main. 
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The  fixing  action  of  heat  and  the  “ dif- 
ferentiating ” action  of  alcohol  are  also 
similar.  The  hypothesis  has  been  put 
forward  that  dyes  form  definite  salts  by 
double  decomposition  when  they  stain 
protein  structures.  Martin  Heidenhain 
finds  that  a protein  stains  red  with  the  blue 
acid  of  Congo-red,  which  certainly  looks 
like  formation  of  a salt.  The  puzzling 
thing  about  it  is  that  unlike  the  known 
salts  of  the  acid,  the  “ compound  ” with 
protein  is  not  affected  by  5 per  cent, 
sulphuric  acid.  There  is  involved  some 
factor  as  yet  obscure.  Again  it  is  stated 
that  the  object  of  using  mordants  is  to 
produce  an  insoluble  double  compound 
of  the  dye,  the  mordant  and  the  tissue. 
These  supposed  compounds  are  called 
“ lakes  ” and,  like  the  Congo-red  com- 
pound, are  not  decomposed  by  acids  and 
alkalis  when  they  constitute  a part  of  a 
stained  cell.  Although  barium  forms 
insoluble  salts  with  most  dyes,  it  is  stated 
to  be  ineffective  as  a mordant,  whereas  the 
trivalent  aluminium  is  in  common  use. 
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A complete  theory  must  of  course  take 
into  account  “ specific  ” staining  or  adsorp- 
tion of  dyes.  It  is  to  be  expected  that  the 
electro-negative  components  of  tissues 
would  be  deeply  stained  with  " basic  ” 
dyes  in  general,  and  this  is  the  case.  But, 
as  the  common  practice  of  washing  with 
solvents  shows,  some  of  these  structures 
hold  certain  dyes  more  firmly  than  they  do 
others  or  than  other  structures  hold  the 
same  dye.  There  are  difficulties  in  accept- 
ing a purely  chemical  theory  of  special 
relationship  to  particular  groups.  Although 
the  special  affinity  of  methylene  blue 
for  nervous  tissue  is  marked,  other 
tissues  are  not  devoid  of  it,  while  some 
dyes  which  are  of  quite  a different  chemical 
nature  are  also  more  or  less  specific  nerve 
stains.  Other  factors  must  clearly  be 
taken  account  of,  such  as  density  of  electric 
charge  and  so  on,  but  theory  is  as  yet 
defective  in  this  matter. 
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Concluding  Remarks  on  Adsorption 

On  the  whole  there  seems  to  be  sufficient 
evidence  to  warrant  the  statement  that 
substances  can  be  concentrated  at  an  inter- 
face by  the  action  of  forces  other  than  those 
usually  called  chemical.  Michaelis  and 
Rona  themselves  find  evidence  of  this  in  the 
case  of  charcoal.  What  the  forces  respon- 
sible for  the  preliminary  fixation  on  the 
surface  are  is  not  clear.  There  appears  to 
be  a variety  of  them,  although  they  may 
ultimately  turn  out  to  be  essentially  one. 
In  some  cases,  chemical  forces  are  respon- 
sible even  for  the  preliminary  part  of  the 
process  ; in  others,  they  may  serve  for  ori- 
entation of  the  molecules  in  a particular  way 
after  adsorption.  Chemical  reaction  with 
the  material  of  the  surface  may  also  occur 
after  adsorption,  and,  when  more  than  one 
kind  of  molecule  is  adsorbed  at  the  same 
time,  these  may  interact  with  one  another 
under  the  influence  of  the  powerful  com- 
pressive forces  at  the  surface  (heterogeneous 
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catalysis) . But  these  are  secondary  pheno- 
mena as  regards  time. 

The  justification  for  speaking  of  a process 
as  " adsorption  ” in  the  present  state  of 
knowledge  is  that  the  name  does  not,  or 
should  not,  pretend  to  explain  the  process, 
but  to  call  attention  to  the  fact  that  there 
are  factors  in  it  which  are  not  completely 
explained  by  the  simple  hypothesis  of 
chemical  combination  in  its  ordinary  mean- 
ing. In  future  discussion,  however,  we 
must  keep  in  mind  the  identity  of  cohesion, 
chemical  affinity  and  electrical  forces  in  the 
crystal,  as  comes  out  in  the  work  of  the 
Braggs. 

There  is  one  point  which  should  not 
remain  unmentioned.  No  mathematical 
expression  for  the  process  has  been  given 
in  the  preceding  pages.  It  appears  that 
there  is  no  satisfactory  general  formula  for 
the  whole  course.  Adsorption  from  com- 
paratively dilute  solutions  follows  the  para- 
bolic law  of  Freundlich,  which  may  indeed 
serve  so  far  as  a criterion.  But  this 
formula  takes  no  account  of  the  fact  that 
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above  a certain  concentration  no  more  is 
adsorbed,  the  surface  is  saturated.  This 
follows  as  a natural  consequence  of  Lang- 
muir’s theory,  and  in  any  case  the  influence 
of  the  molecules  of  the  surface  cannot  be 
expected  to  extend  farther  than  a very 
limited  distance.  Wolfgang  Ostwald  sug- 
gests that  some  of  these  apparent  cases  of 
saturation  may  be  due  to  simultaneous 
adsorption  of  solvent  and  solute  in  equal 
proportions,  so  that  if  the  process  be 
followed  in  the  usual  way  by  ascertaining 
changes  in  the  concentration  of  the  solution, 
there  would  appear  to  be  no  further  change. 
There  is  no  doubt  that  the  adsorption  of 
solvent  is  a matter  of  much  importance  and 
had  been  somewhat  overlooked  in  early 
work. 
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CHAPTER  IV 


COLLOIDS 

SO  many  problems  are  involved  in  the 
properties  of  the  colloidal  state  that 
our  attention  must  be  confined  to 
some  few  that  require  special  mention  at 
the  present  time  or  where  a word  of  warning 
may  not  be  out  of  place.  There  is  a 
tendency  to  exaggerate  the  general  import- 
ance of  certain  facts  which  are  explicable 
best  on  a purely  chemical  basis,  to  the 
neglect  of  others  which  require  in  addition 
the  introduction  of  physical  factors,  if  they 
are  to  be  interpreted  without  undue  loose- 
ness of  definition.  Some  writers  appear  to 
hold  that  there  are  no  conditions  peculiar 
to  the  colloidal  state — that  the  properties 
of  a particular  compound  are  always  the 
same,  v/hatever  its  physical  condition. 
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Thus  there  is  some  risk  that  a problem 
may  be  considered  to  be  solved,  when  there 
yet  remains  a great  deal  to  be  found  out. 


“Classical"  and  “Colloidal"  Chemistry 

The  opposition  made  by  Prof.  Jacques 
Loeb  between  what  he  calls  " colloidal  ” 
chemistry  and  “ classical  ” chemistry  is  a 
puzzle  to  me.  At  first,  it  seemed  that 
theories  relating  to  heterogeneous  systems 
were  to  be  excluded  from  application  to 
colloids.  But  we  find  osmotic  pressure 
and  the  Donnan  membrane  equilibrium 
freely  made  use  of  in  Prof.  Loeb’s  work. 
It  might  indeed  seem  to  some  that  the 
latter  is  strained  to  breaking  point.  Also, 
phenomena  due  to  aggregation,  while  not 
looked  upon  with  favour,  are  recognized. 
Finally,  the  only  difference  turned  out  to 
be  the  existence  of  adsorption,  which  is 
not  to  be  mentioned  in  the  discussion  of 
colloids.  We  have  seen  reason  to  believe 
in  its  genuine  occurrence  where  surfaces 
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are  present,  and  these  must  be  present  if 
there  is  such  a thing  as  aggregation  of  mole- 
cules to  form  particles.  We  shall  see  reason 
to  accept  this  even  in  the  case  of  proteins. 
The  purely  chemical  properties  can  scarcely 
differ  much,  if  at  all,  when  molecules  or 
ions  are  joined  to  form  masses  ; but  the 
physical  properties  do,  and  these  are  of 
much  physiological  importance.  It  is  only 
necessary  to  mention  viscosity,  surface 
tension,  osmotic  pressure  and  so  on,  even 
if  we  omit  adsorption. 

These  preliminary  remarks  suggest  that 
we  take  proteins  as  the  text  of  our  discourse. 
They  are  of  especial  interest  to  the  student 
of  vital  processes,  although  it  seems  to  the 
writer  that  their  importance  as  chemical 
agents  is  apt  to  be  over-estimated.  In 
order  to  make  certain  conclusions  clear,  it 
will  be  necessary  to  consider  some  other 
systems  in  relation  to  them. 

Prof.  Loeb  seems  to  be  under  the  impres- 
sion that  “ colloidal  ” chemists  in  general 
deny  that  proteins  combine  with  strong 
acids  and  bases  and  in  apparently  mole- 
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cular  proportions.  He  would,  however, 
find  it  a matter  of  difficulty  to  indicate 
more  than  one  or  two  who  take  this  view. 
At  the  same  time,  it  is  by  no  means 
easy  to  fix  upon  a definite  molecular  or  com- 
bining weight  for  these  complex  compounds. 
They  do  not  behave  in  the  same  way 
under  all  circumstances.  Moreover,  even 
admitting  this  view,  we  cannot  explain 

D 

Fig.  3.  Coagulated  egg-white  in  three  forms  of  aggregation. 

(Chick  and  Martin.) 

everything  by  it.  For  example,  egg-white, 
as  coagulated  by  heat  in  the  experiments 
of  Chick  and  Martin,  is  sometimes  readily 
dispersed  by  electrolytes,  sometimes  not. 
The  only  explanation  suggested  is  that  of 
Figure  3,  where  the  first  figure  represents 
the  readily  dispersed  state,  while  the  second 
and  third,  where  the  small  particles  have 
coalesced  to  form  one  large  one,  are  only 
accessible  to  ions  on  the  outside. 
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Aggregation  and  Osmotic  Pressure 

We  may  agree  that  in  all  probability 
there  are  molecular  chemical  relationships 
between  proteins  and  acids  and  bases, 
when  equilibrium  has  been  reached.  This, 
of  course,  presupposes  that  the  original 
material  is  accessible  throughout,  if  aggre- 
gated, to  the  action  of  the  acid  or  base. 
But  it  is  scarcely  conceivable  that  the  rate 
of  action  could  follow  the  simple  laws  of 
mass  action,  because  of  the  uncertainty 
of  the  concentration  of  active  mass  at  any 
given  moment.  Even  if  ultimately  brought 
into  contact  with  the  reagent,  the  internal 
molecules  cannot  be  accessible  as  rapidly 
as  those  on  the  outside. 

It  is  not  intended  hereby  to  cast  doubts 
on  the  truth  of  mass  action.  But,  when 
expressed  in  numerical  laws  of  velocity  of 
reaction,  it  is  assumed  that  all  the  reacting 
molecules  are  free  for  kinetic  migration  and 
prediction  of  collisions  by  the  theory  of 
probability. 
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Let  us  consider,  to  begin  with,  the  state  of 
affairs  in  a case  which  is  somewhat  simpler 
than  that  of  the  proteins,  namely,  Congo- 
red.  Since  we  know  the  constitution  and 
molecular  weight  of  this  dye,  which  behaves 
as  a colloid,  it  occurred  to  me  that  an 
investigation  of  its  osmotic  pressure  would 
throw  light  on  that  manifested  by  more  com- 
plex colloidal  systems.  These  measure- 
ments showed  a rather  remarkable  phenome- 
non. Although  the  electrical  conductivity  of 
solutions  of  various  concentration  showed 
the  dye  to  be  nearly  as  highly  dissociated 
as  sodium  sulphate,  the  osmotic  pressure 
was  only  that  which  would  have  been  given 
if  the  molecules  had  been  those  of  a non- 
electrolyte, such  as  sugar.  Since  the  mem- 
brane used  was  of  parchment-paper,  which 
is  permeable  to  the  sodium-ions,  an  obvious 
explanation  suggests  itself  at  once,  namely, 
that  it  is  only  the  non-diffusible  anion  that 
was  giving  an  osmotic  pressure.  This  would 
have  the  same  concentration  as  the  mole- 
cules if  these  were  undissociated.  That 
this  is  not  correct  was  shown  in  two  ways. 
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The  ordinary  Congo-red  is  the  di-sodium 
salt  of  a dibasic  acid.  But  there  is  another 
dye,  “ Chicago-blue/’  of  similar  chemical 
constitution,  being  a quadri-sodium  salt 
of  a quadri-basic  acid.  Now  if  it  were  only 
the  anion  that  is  osmotically  active,  the 
osmotic  pressure  of  equimolecular  solutions 
of  these  two  dyes  should  be  the  same.  In 
point  of  fact,  that  of  Chicago-blue  is  just 
about  double  that  of  Congo-red.  Again, 
if  the  sodium-ions  are  inactive  because  the 
membrane  is  permeable  to  them,  the 
osmotic  pressure  measured  by  a vapour- 
pressure  method  or  by  a membrane  imper- 
meable to  sodium-ions,  should  be  much 
higher  than  when  parchment-paper  is  used. 
They  were  found  to  be  the  same. 

A mathematical  investigation  of  the  prob- 
lem also  shows  that  the  sodium-ions  must 
be  active.  The  reason  why  these  ions  do 
not  escape  is  clearly  because  they  are  kept 
back  by  the  electrostatic  attraction  of  the 
opposite  ions.  But  it  is  not  so  easy  to  see 
why  they  exert  an  osmotic  pressure.  The 
only  way  to  arrive  at  an  understanding  of 
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the  matter  seems  to  be  to  think  of  the 
anions  as  being  able  to  pull  back  the  diffu- 
sible cations  merely  in  virtue  of  having  the 
membrane  to  put  their  feet  against,  as  it 
were,  to  enable  them  to  pull  effectively. 
Thus  this  pressure,  which  is  equal  to  the 
osmotic  pressure  of  the  sodium-ions,  is 
borne  by  the  membrane  and  indicated  by 
a manometer  connected  with  the  interior. 

The  diffusion  of  sodium-ions  to  the  out- 
side of  the  membrane  confers  a positive 
charge  there.  The  magnitude  of  this  can 
be  calculated  from  the  Nernst  formula 
for  concentration  cells.  A similar  process 
accounts  for  the  electromotive  force  of 
certain  living  tissues  and  will  be  dis- 
cussed later. 

But  there  still  remains  the  discrepancy 
between  the  electrical  conductivity  and  the 
osmotic  pressure  of  the  dye  solutions.  If 
there  were  not  something  peculiar  in  these 
colloidal  solutions,  and  absent  from  ordin- 
ary electrolytes  in  true  solution,  the  osmo- 
tic pressure  would  have  to  be  very  much 
higher  to  correspond  with  the  total  ionic 
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concentration.  The  only  way  to  account 
for  this  satisfactorily  is  by  the  suggestion 
that  I made  in  1911,  namely,  that  the  anions 
arising  from  electrolytic  dissociation  are 
attached  together  in  large  aggregates,  prob- 
ably owing  to  their  large  size  and  relative 
insolubility.  The  dimensions  of  these 
aggregates  is  supposed  to  be  so  great  that 
their  osmotic  concentration  counts  for  only 
a negligible  fraction  of  the  whole.  But  in 
order  to  satisfy  the  demands  of  the  electrical 
conductivity,  it  must  be  assumed  that  these 
aggregates  of  anions  possess  the  combined 
charges  of  their  constituents  and  have  a 
rate  of  migration  at  least  equal  to  that  of 
simple  ions. 

This  conception  has  been  found  necessary 
in  the  case  of  the  salts  of  proteins  also  ; 
the  protein  ions  like  other  large  organic 
ions  must  be  always  aggregated.  Thus  we 
are  led  to  the  conclusion  that  proteins  exist 
as  aggregates  not  only  at  the  isoelectric 
point,  but  even  when  in  the  form  of  salts. 
This  being  so,  they  always  have  surface 
properties. 
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The  hypothesis  put  forward  by  myself 
in  relation  to  Congo-red  has  recently  been 
applied,  with  additions,  by  McBain  to  the 
case  of  soaps.  After  finding  that  mole- 
cular theories  were  untenable,  he  introduces 
the  idea  of  the  “ ionic  micelle.”  This  is 
supposed  to  contain,  in  addition  to  ions, 
a certain  proportion  of  undissociated  mole- 
cules together  with  water.  It  may  well 
be  that  the  aggregates  of  anions  of  my 
original  theory  contain  undissociated  salt 
and  water. 

Wo.  Ostwald  refers  to  a fact  which  shows 
that  certain  dyes  exist  in  large  aggregates. 
Night  blue  in  watery  solution  does  not  pass 
through  parchment-paper,  whereas  in  alco- 
holic solution  it  does.  The  particles  can- 
not be  smaller  than  molecules  in  the  latter 
case,  therefore  they  must  be  larger,  that  is, 
in  the  form  of  aggregates  of  several  mole- 
cules, in  the  watery  solution. 

It  will  be  remembered  that  Loeb  makes 
great  use  of  the  Donnan  membrane  equili- 
brium as  accounting  for  nearly  all  the  pro- 
perties of  protein  solutions.  But  it  may  be 
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pointed  out  that  a somewhat  arbitrary 
definition  of  colloidal  behaviour  is  given. 
Moreover,  the  Donnan  theory  is  not  con- 
cerned with  pure  colloidal  salts  in  equili- 
brium with  water.  Loeb,  however,  has 
not  given  much  attention  to  such  cases. 
Donnan  and  myself,  independently,  found 
that  when  there  is  an  indiffusible  salt  inside 
a membrane,  a neutral  diffusible  electro- 
lyte also  present  is  not  distributed  equally 
between  the  two  sides.  Donnan  calcu- 
lated thermodynamically  the  proportion  of 
this  salt  on  the  two  sides,  finding  that  the 
inequality  is  the  greater  the  higher  the 
concentration  of  the  indiffusible  salt  in 
relation  to  that  of  the  diffusible  electro- 
lyte, but  always  such  that  there  is  more  of 
it  outside  than  inside.  The  result  of  this 
is  that  the  apparent  osmotic  pressure  of  the 
indiffusible  substance  is  lowered  by  the 
difference  between  those  of  the  diffusible 
salt  within  and  without  the  membrane. 
According  to  Sorensen,  however,  the  fall  in 
osmotic  pressure  of  egg-white  produced  by 
the  addition  of  neutral  salts  is  not  com- 
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pletely  explained  by  this  effect ; it  is  neces- 
sary to  suppose  that  there  is  aggregation 
also.  Thus,  the  effect  of  salts  on  proteins 
is  similar  to  that  which  they  have  on  inor- 
ganic, suspensoid,  colloids. 

Since  there  is  still  some  misconception 
as  to  the  part  played  by  foreign  electro- 
lytes in  the  properties  of  proteins,  it  is  well 
to  point  out  that  their  osmotic  pressure 
cannot  be  explained  by  the  assumption  that 
the  effect  of  acids  and  alkalies  is  merely  due 
to  adsorption  of  ions  and  not  to  the  produc- 
tion of  dissociable  salts.  Such  osmotic 
pressure  may  rise  to  quite  a notable  height, 
whereas  a little  consideration  will  make  it 
clear  that  the  attachment  of  an  ion  to  a 
particle  can  only  increase  the  mass  of  the 
particle,  without  raising  the  effective  con- 
centration. Thus,  the  osmotic  pressure 
shown  by  certain  colloids  cannot  be 
explained  as  being  due  to  insufficient 
removal  of  impurities.  Indeed,  it  is  easy 
to  show  with  Congo-red  that  the  more  effect- 
ively these  impurities  are  dialyzed  away 
the  higher  is  the  osmotic  pressure. 
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The  Isoelectric  Point 

The  reference  in  the  previous  section  to 
the  formation  of  salts  of  proteins  leads  to 
some  remarks  about  the  conception  of  the 
“ isoelectric  point.”  The  term  is  used  very 
frequently  at  the  present  time  and  some- 
times in  a rather  vague  manner,  without 
clear  definition.  Strictly  speaking,  it 
means  an  absence  of  electric  charge,  which 
absence  might  be  brought  about  by  neu- 
tralization of  a charge  of  particular  sign 
by  the  addition  of  any  ions  of  opposite 
sign.  It  was  originally  used  by  Hardy  in 
reference  to  the  abolition  of  the  charge  on 
arsenious  sulphide  by  a certain  concentra- 
tion of  barium-ions.  We  have  seen  that 
the  sign  of  the  charge  on  an  inert  surface, 
as  shown  by  Perrin,  can  be  altered  by  hydro- 
gen- or  hydroxyl-ions.  The  matter  has 
been  thoroughly  investigated  by  Loeb  in 
the  case  of  gelatin  and  other  proteins.  It 
will  be  realized  that  if  gelatin  combines 
with  acids  and  with  bases,  there  must  be 
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some  point  between  the  two  where  it  is 
not  combined  with  either.  Since  the 
charged  ions  in  this  case  result  from  the 
electrolytic  dissociation  of  salts  of  the 
proteins,  if  such  salts  are  not  present,  the 
protein  will  be  devoid  of  charge.  This 
particular  concentration  of  hydrogen-ion, 
which  is  usually  somewhat  on  the  acid 
side  of  the  neutrality  of  water,  is  called  the 
“ isoelectric  point  ” of  each  protein.  But 
it  will  be  admitted  that  when  the  name  is 
given  a general  application  the  ion  referred 
to  should  be  specified.  We  find  that  in 
the  case  of  proteins  at  their  isoelectric 
points,  various  properties  such  as  viscosity, 
osmotic  pressure,  electrical  conductivity 
and  chemical  activity  are  at  their  minimum 
values. 

The  actual  position  of  the  hydrogen-ion 
isoelectric  point  in  the  case  of  amphoteric 
electrolytes,  such  as  proteins,  depends  on 
the  ratio  of  their  strength  as  acids  to  that 
of  their  strength  as  bases.  These  disso- 
ciation constants  can  be  measured  in  various 
ways  when  we  have  no  conflicting  factors 
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to  deal  with.  Thus  they  have  been  deter- 
mined for  a number  of  amino-acids,  and  the 
same  methods  should  be  applied  to  proteins. 
In  the  simple  case  the  following  formula 
applies  : — 


Isoelectric  point 


where  Ka  is  the  acidic  dissociation  constant, 
Kb  the  basic  dissociation  constant,  and 
Kw  the  dissociation  constant  of  water. 
Kb  has  been  found  to  be  4-8  x io-12  for  gela- 
tin, hence  Ka  = 3-5  x io~7.  Miss  Jordan- 
Lloyd  has  investigated  the  acid  properties 
of  gelatin  and  finds  a series  of  steps  corres- 
ponding to  the  coming  into  action  of  various 
groups.  But  it  seems  that  to  explain 
completely  all  the  experimental  facts  it  is 
necessary  to  assume  various  kinds  of  com- 
bination with  the  peptide  linkage  and 
changes  in  constitution  by  the  action  of 
the  sodium  hydroxide  used  in  titration. 
Miss  Jordan-Lloyd  is  not  satisfied  with  the 
value  of  the  acidic  dissociation  constant 
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as  calculated  above,  but  if  the  effective 
molecular  weight  as  a monobasic  acid  is 
taken  as  839,  the  carbonic  acid  dis- 
placement values  to  be  referred  to  below 
correspond  fairly  well  with  the  calculated 
value  of  the  dissociation  constant. 

That  other  ions  than  those  of  hydrogen 
have  to  be  taken  into  account  is  shown  by 
the  fact  that  Loeb  found  a positive  charge 
given  to  “ isoelectric  ” gelatin  by  cerium 
salts.  It  has  been  noted  above  that  mul- 
tivalent ions  are  especially  powerful  in 
reversing  electric  charges.  A difficulty  with 
regard  to  the  indiscriminate  use  of  the  con- 
ception of  isoelectric  points  as  referring  only 
to  the  hydrogen-ion  and  to  amphoteric 
electrolytes  is  met  with  in  cellulose.  The 
negative  charge  was  found  by  Perrin  not 
to  be  completely  reversed  by  hydrochloric 
acid  of  f0  strength.  If  this  is  to  be  inter- 
preted on  the  basis  of  the  ratio  of  the  two 
dissociation  constants  of  an  amphoteric 
electrolyte,  cellulose  must  be  assumed  to 
have  strongly  acid  properties. 

More  objection  must  be  made  to  the 
6 
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application  of  the  conception  to  the  case 
of  blood  corpuscles,  as  has  been  done.  Here 
the  surface  charge  is  due  to  the  layer  of 
anions  arising  from  the  impermeability 
of  the  membrane  for  cations  and  its  per- 
meability for  anions.  “ Isoelectric  point  ” 
in  this  case  means  simply  that  concentra- 
tion of  acid  which  balances  these  anions, 
and  any  other  cations  would  serve  the  same 
purpose. 

The  various  ways  in  which  a surface  may 
obtain  an  electrical  charge  have  been  men- 
tioned above  and  all  these  possibilities 
must  be  kept  in  mind. 


Adsorption  of  Ions 

That  a charge  may  be  given  otherwise 
than  by  electrolytic  dissociation  of  the 
surface  is  shown  by  the  existence  of  nega- 
tive ferric  hydroxide,  as  present  in  alkaline 
solution.  This  is  not  a sodium  salt  of  the 
nature  of  a ferrate  or  ferrite,  as  is  shown 
by  the  fact  that  although  it  does  not  diffuse 
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through  parchment-paper,  it  has  no  osmotic 
pressure,  as  a sodium  salt  would  have. 
There  seems  to  be  no  other  way  to  explain 
the  sign  of  the  charge  than  that  which 
attributes  it  to  the  adsorption  of  hydroxyl- 
ions. 

As  regards  proteins,  we  have  seen  that 
they  do  not  combine  with  either  acids  or 
bases  at  their  isoelectric  points.  When 
therefore  they  take  up  neutral  salts,  these 
must  be  adsorbed.  In  the  matter  of  pre- 
cipitation, Holker  finds  that  the  opacity 
produced  by  sodium  chloride  in  albumin 
solutions  follows  the  curve  of  an  adsorption 
process. 

On  the  other  hand,  Pfeiffer  and  Modelski 
described  what  they  looked  upon  as  true 
chemical  compounds  of  glycine  and  alanine 
with  chlorides  of  potassium  and  calcium. 
If  this  happens  with  amino-acids,  it  is 
possible  that  it  might  happen  with  proteins 
also.  On  repeating  the  experiments  of 
these  workers,  I was  myself  unable  to 
obtain  evidence  of  definite  compounds. 
But  Harold  King  finds  that  under  certain 
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conditions  it  is  possible  to  get  what  may  be 
regarded  as  a kind  of  compound,  in  which 
there  is  a molecular  relationship,  the  inor- 
ganic salt  being  attached  in  a way  similar 
to  that  of  water  of  crystallization.  This 
is,  of  course,  not  the  same  thing  as  the 
combination  assumed  by  Pfeiffer  and  Model- 
ski.  No  evidence  has  yet  been  found  that 
proteins  form  compounds  of  this  nature. 


The  Nature  of  Proteins 

If  we  look  at  the  curves  correlating  the 
properties  of  protein  solutions  with  their 
hydrogen-ion  concentration,  we  note  that 
the  isoelectric  “ point  ” is  a fairly  wide 
region.  In  the  curve  of  imbibition  by 
gelatin  given  by  Miss  Jordan-Lloyd,  there 
is  practically  no  change  between  hydrogen- 
ion  concentrations  of  io~4  and  io~9.  In  this 
region  proteins  can  be  obtained  which  have 
no  higher  electrical  conductivity  than  that 
of  water.  Thus,  they  are  not  acids  or  bases 
in  the  state  in  question.  Hydrogen-ions 
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and  hydroxyl-ions  in  fact  cannot  exist 
together  in  equal  numbers  except  in  the 
very  minute  concentrations  in  which  they 
are  present  in  water. 

In  order  to  account  for  the  inert 
behaviour  of  proteins  uncombined  with 
acid  or  base,  Gustav  Mann  made  the  sug- 
gestion that  the  carboxyl-  and  amino- 
groups  were  not  free,  but  combined  together 
in  a ring  form  as  an  internal  ammonium 
salt.  In  order  to  split  this  ring,  a certain 
minimum  strength  of  acid  or  alkali  may  be 
required,  somewhere  about  io~4  or  io~9 
in  hydrogen-ion  concentration  respectively. 
This  view  is  quite  in  accordance  with  the 
facts  that  within  these  limits  serum 
proteins  have  no  perceptible  effect  on  the 
reaction  of  weak  acid  or  alkali.  But  perhaps 
the  phenomenon  is  only  an  aspect  of  the 
very  flat  form  of  the  curves  about  the  iso- 
electric region.  Practically,  of  course,  the 
results  are  the  same. 

It  appeared  to  me  that  one  might  obtain 
some  idea  of  the  acidity  of  proteins  by 
estimating  their  capacity  of  displacing 
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carbon  dioxide  from  a solution  of  sodium 
bicarbonate.  That  is,  the  relative  amount 
of  the  acid  in  question  and  of  carbonic  acid 
in  combination  with  the  sodium.  While 
that  of  acids  in  true  solution  followed 
closely,  in  equimolecular  concentration, 
their  accepted  acidic  dissociation  constants, 
as  shown  by  the  table  below,  proteins  did 


Acid. 

Dissociation 
constant  x 107 

Theoretical  CO2 
displaced. 

Found. 

Aspartic 

1500 

99-8 

97‘3 

Lactic  . . 

I380 

99-8 

IOO 

Benzoic. . 

600 

99’5 

94 

Uric 

15 

83 

71-6 

(Carbonic 

304 

50) 

Alloxan . . 

2'3 

43 

39’9 

p.  Nitrophenol 

O' 7 

187 

38-8 

Giycyl-glycine 

018 

56 

10*4 

Tyrosine 

004 

13 

0 

not  appear  to  be  as  strongly  acidic  as  would 
be  expected.  But  one  must  not  attach 
too  much  value  to  the  data  with  regard  to 
proteins,  owing  to  the  uncertainty  as  to 
their  molecular  weights. 

Carbonic  acid  itself  is  inserted  in  order  to 
show  its  position  in  the  series. 
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An  interesting  point  is  that  casein  when 
rubbed  with  a solution  of  potassium  phos- 
phate with  a hydrogen-ion  concentration 
of  io“7,  considerably  more  alkaline  than  its 
isoelectric  point,  does  not  form  potassium 
caseinate. 

Sorensen  found  that  the  osmotic  pressure 
of  solutions  of  egg-white  as  progressive 
amounts  of  sodium  hydroxide  were  added 
rose  in  a very  steep  curve,  whereas  on  the 
addition  of  acid  very  little  change  occurred 
for  some  distance  from  the  isoelectric  point. 
Even  on  comparatively  large  additions, 
the  rise  was  much  less  than  on  the  alkaline 
side.  I have  myself  found  similar  facts, 
which  suggest  that  there  are  some  factors 
concerned  not  as  yet  understood. 

The  ultra-filtration  experiments  of 
Cushny  show  that  no  sodium  is  combined 
with  protein  in  blood  serum.  The  same 
conclusion  follows  from  the  measurements 
made  by  Neuhausen  with  a sodium  elec- 
trode ; all  the  sodium  is  in  ionic  state.  This 
same  observer  also  finds  that  the  vapour 
pressure  of  serum  corresponds  to  that 
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of  its  sodium  constituents.  On  the  other 
hand,  it  appears  that  a part  of  the  calcium 
content  is  not  in  the  ionized  form. 
Although  this  has  been  taken  to  mean  the 
presence  of  a compound  with  protein,  it 
seems  more  probable,  from  the  results  of 
Brinkman  and  van  Dam,  that  the  undiffu- 
sible,  non-ionized  calcium  was  in  the  form 
of  calcium  carbonate  in  a colloidal  form. 
No  special  precautions  were  taken,  in  the 
experiments  referred  to,  to  keep  the  carbon 
dioxide  content  the  same  as  in  blood. 


Imbibition 

As  is  well  known,  colloids  are  usually 
divided  into  " suspensoids  ” and  “ emul- 
soids,”  the  former  consisting  of  the  solids 
which  are  free  from  water,  such  as  gold, 
arsenious  sulphide  and  so  on.  What  should 
be  understood  by  the  latter  is  not  quite  so 
clear.  They  are  sometimes  defined  as  those 
colloidal  systems  whose  dispersed  phase 
is  liquid,  or  more  or  less  so.  But  there  are 
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two  different  kinds  of  systems  of  this 
nature,  with  different  properties.  In  the 
one,  the  dispersed  phase  is  a liquid  immis- 
cible with  water,  and  as  a rule  free  from 
water.  An  emulsion  of  paraffin  oil  may 
serve  as  an  example.  Such  systems  are 
more  like  suspensoids  in  their  behaviour, 
whereas  the  other  class,  of  which  the 
proteins  are  typical,  consist  of  more  or  less 
liquid  particles,  but  made  so  by  the  fact 
that  they  contain  a fairly  large  proportion 
of  water.  It  will  be  clear  that  the  two 
phases  in  such  systems  differ  from  each 
other  in  composition  much  less  than  in  the 
two  previous  classes,  and  that  the  properties 
at  the  interface,  such  as  surface  tension, 
electrical  charge  and  so  on  will  be  less  pro- 
nounced. It  would  be  more  useful  if  the 
term  “ suspensoid  ” were  allowed  to  include 
emulsions  of  anhydrous  liquids  and  if  the 
term  “ emulsoid  ” were  limited  to  those 
cases  in  which  the  more  solid  phase  contains 
water,  so  that  the  two  phases  merely  differ 
in  the  relative  proportion  of  water  which 
they  contain.  An  emulsoid  would  then  be 
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defined  as  a two-phase  system,  in  which 
the  more  solid  phase  differs  from  the  liquid 
one  in  containing  less  water,  both  consisting 
of  water  plus  solid.  I admit  that  such  a 
definition  would  exclude  “ emulsions  ” of 
fat,  which  is  certainly  an  objection  to  it. 
But  this  would  be  outweighed  by  the 
advantages.  Otherwise,  a new  name  for 
such  systems  as  the  proteins  would  be  neces- 
sary. The  names  “ lyophile  ” and  “ lyo- 
phobe  ” do  not  seem  to  have  been  generally 
accepted,  although  they  give  the  correct 
interpretation. 

It  has  been  pointed  out  by  Hatschek  and 
by  Freundlich  that  the  distribution  of 
water  between  the  two  phases  of  an  emul- 
soid  can  be  varied  by  certain  agents,  more 
especially  by  electrolytes.  This  is  clearly 
a very  important  property  in  connexion 
with  the  dynamics  of  the  cell,  as  will  be 
apparent  when  we  come  to  the  discussion 
of  enzymes. 

There  appear  to  be  two  ways  in  which 
this  happens,  although  the  second  of  these 
is  denied  by  some  investigators.  Loeb 
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and  Proctor  hold  that  the  process  is  essenti- 
ally one  of  osmosis,  and  perhaps  the  best 
way  to  understand  the  points  at  issue  is  to 
consider  first  an  old  experiment  made  by 
Hardy.  If  a solution  of  five  or  ten  per 
cent,  gelatin  in  warm  water  is  allowed 
to  cool,  the  well-known  jelly  is  formed. 
This  jelly,  although  it  contains  ninety  per 
cent,  or  more  of  water,  maintains  a shape 
into  which  it  is  cut  and  has  a certain  amount 
of  elasticity  in  that  if  deformed  it  returns 
to  its  original  form  when  released.  For 
our  present  purpose,  its  most  interesting 
property  is  that  water  cannot  be  squeezed 
out  of  it  merely  by  pressure  with  the  hand  ; 
a very  high  pressure  is  required  to  do  so. 
Suppose  now  that  we  allow  a lump  of  it 
to  lie  in  a five  per  cent,  solution  of  formal- 
dehyde. It  will  be  found  that,  after  a 
time,  water  can  be  pressed  out  of  it  by  the 
hand.  There  must  be  two  different  kinds 
of  structure  in  the  two  cases.  In  the  first, 
the  water  phase,  really  a dilute  solution  of 
gelatin,  must  be  imprisoned  by  walls  of 
the  more  solid  phase,  like  cells  of  a honey- 
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comb,  so  that  if  the  liquid  is  to  escape  it 
must  be  filtered  through  the  solid.  In  the 
second  case,  it  is  clear  that  the  watery 
solution,  as  well  as  the  more  solid  phase, 
must  be  continuous.  This  would  happen 
if  holes  were  formed  in  the  walls  of  the 
honeycomb  cells.  Both  phases  are  in 
fact  continuous.  It  is  naturally  difficult 
to  make  out  these  different  structures, 
even  by  the  ultra-microscope,  on  account 
of  their  minute  dimensions,  so  that  it  can- 
not be  regarded  as  certain  that  they  are 
precisely  as  stated. 

The  next  step  is  to  imagine  what  takes 
place  when  such  a structure  as  the  first  of 
the  two  described,  namely  the  honeycomb, 
is  put  into  a dilute  alkaline  solution.  The 
gelatin  swells  by  taking  up  more  water. 
How  does  this  happen  ? The  gelatin  of 
the  watery  phase  contained  in  the  closed 
cells,  by  combination  with  the  diffusible 
alkali,  rises  notably  in  osmotic  pressure : 
the  protein  salt  being  indiffusible  attracts 
water  through  the  walls  and  distends  the 
cells.  But  there  is  more  than  this.  Gelatin 
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in  which  it  is  improbable  that  a honey- 
comb structure  is  present  is  capable  of 
swelling  in  alkali.  There  is  nevertheless 
a solid  phase  and,  according  to  the  theory 
of  Proctor,  this  solid  phase  may  itself  act 
osmotically  in  attracting  water.  We  saw 
in  our  consideration  of  the  Congo-red  system 
that  owing  to  the  impossibility  of  the  dye 
passing  out  through  the  membrane,  all 
its  ions  are  held  back.  It  is  possible  to 
imagine  that  if  instead  of  being  restrained 
by  a membrane,  these  ions  were  held  by  the 
fixed  solid  structure  of  the  gelatin  phase, 
this  phase  would  exercise  an  osmotic  effect 
in  attracting  water  to  itself.  The  precise 
situation  of  this  water  as  regards  the  ele- 
ments of  the  structure  is  not  a material 
question.  It  looks  rather  as  if  it  must  be 
supposed  to  be  on  their  surfaces. 

We  may  further  apply,  as  Loeb  does, 
Donnan’s  theory  of  membrane  equilibrium 
to  the  action  of  neutral  salts.  In  presence 
of  such  salts,  gelatin  swells  less  than  in 
their  absence.  We  have  seen  how  this 
theory  explains  the  lowering  of  the  effective 
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osmotic  pressure  of  a colloidal  salt.  It 
therefore  fits  in  well  with  the  osmotic  view 
of  the  swelling  of  gelatin.  But  of  course 
it  does  not  come  into  play  when  foreign 
electrolytes  are  absent,  although  Prof.  Loeb 
in  some  statements  seems  to  suggest  that 
it  does. 

There  are  certain  facts  which  indicate 
that  there  are  some  other  factors  involved 
in  the  imbibition  of  water  by  colloids. 
There  is  indirect  evidence  that  the  taking 
up  of  water  by  imbibition  is,  at  all  events 
in  part,  a process  of  adsorption.  Posnyak 
in  his  work  on  imbibition  by  gelatin  finds 
that  a formula  with  a fractional  index 
similar  to  that  of  adsorption  satisfies  his 
results,  although  he  thinks  that  solid  solu- 
tion is  also  involved.  Colloidal  copper 
ferrocyanide  takes  up  different  amounts  of 
water,  as  it  appears,  according  to  the  vary- 
ing extent  of  surface.  An  observation  that 
I made  myself  on  the  taking  up  of  water  by 
dry  gelatin  from  ninety  per  cent,  alcohol 
is  difficult  to  explain  otherwise  than  as  a 
surface  adsorption.  The  alcohol  was  found 
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to  have  lost  water,  but  the  gelatin  immedi- 
ately after  removal  from  the  liquid  and 
drying  of  its  surface  by  filter  paper  had  not 
increased  in  weight.  It  is  possible  that 
evaporation  of  the  alcohol  might  carry  off 
surface  water,  but  it  seems  scarcely  possible 
that  “ imbibed  ” water  should  escape  so 
rapidly  from  the  interior  of  the  gelatin  sheets. 

We  have  next  to  consider  some  facts  in 
reference  to  the  series  of  anions  known  as 
“ Hofmeister’s  series/'  Prof.  Loeb  has 
recently  cast  doubt  on  the  existence  of  any 
difference  between  the  effects  of  univalent 
anions  on  the  swelling  of  colloids,  as  had 
been  described  by  previous  workers.  This 
he  does  on  the  ground  that  this  difference 
vanishes  when  the  hydrogen-ion  concentra- 
tion is  kept  constant.  It  is  certainly  desir- 
able that  such  experiments  should  be  made 
under  more  carefully  controlled  conditions, 
but  the  effects  seem  to  be  too  great  to  be  due 
merely  to  the  slight  differences  in  hydrogen- 
ion  concentration,  while  there  are  facts 
which  indicate  the  existence  of  an  effect 
on  the  distribution  of  water  between  the 
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two  phases  due  to  an  action  on  the  compres- 
sibility of  water,  apart  from  the  formation 
of  definite  salts  in  stoichiometrical  ratio. 
When  a colloidal  substance  swells  by 
taking  up  water,  it  is  found  that  the  total 
volume  of  the  system  diminishes  to  some 
extent.  This  can  only  be  explained  by  a 
compression  of  water.  In  cases  where  the 
magnitude  of  the  effect  has  been  measured, 
it  is  found  that  a pressure  of  some  400 
atmospheres  must  have  been  brought  into 
play.  That  surface  molecular  forces  are 
quite  sufficient  for  the  purpose  is  shown  by 
the  calculations  of  A.  N.  Williams,  who  finds 
that  the  attractive  (cohesive)  pressure  in 
the  surface  film  on  charcoal  is  of  the  order 
of  10,000  atmospheres.  He  points  out  that 
such  compressive  forces  by  their  effect  on 
electrolytic  dissociation  may  give  rise  to  a 
higher  concentration  of  the  ions  of  water 
in  an  adsorbed  layer  than  in  the  body  of 
the  liquid  and  thus  to  a diffusion  potential 
which  may  play  a part  in  the  surface  charge. 
One  may  note  incidentally  that  heat  is 
liberated  in  the  process  of  imbibition  by 
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emulsoids  and  has  been  measured  in  some 
cases.  Now  if  we  take  the  series  of  salts 
with  different  anions  comprised  in  the 
Hofmeister  series,  we  find  that  their  relative 
effect  on  swelling  is  in  the  order  of  their 
action  on  certain  properties  of  water 
expressed  in  compressibility,  surface  ten- 
sion, and  so  on.  Schryver  showed  that  a 
similar  state  of  affairs  is  present  in  the  dis- 
persion of  colloids  such  as  globulin,  as  also 
in  the  displacement  of  the  temperature  at 
which  a mixture  of  phenol  and  water 
becomes  homogeneous  (the  “ critical  solu- 
tion temperature  ”).  Difference  in  degree 
of  adsorption  of  these  various  anions  may 
well  have  a notable  effect  on  the  properties 
of  water  at  the  interface  and  lead  to  modifi- 
cations in  the  amount  of  water  present  in 
the  more  solid  phase,  as  pointed  out  by 
Hatschek  and  by  Freundlich. 

But  whatever  may  be  the  mechanism,  the 
important  fact  is  that  the  capacity  of  taking 
up  water  reversibly  by  the  colloids  of  the 
cell  may  be  regulated  by  such  agencies 
as  free  electrolytes. 

7 
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Although  acids  and  alkalis  have  so 
powerful  an  effect  on  the  swelling  of 
colloids,  it  is  to  be  remembered  that  a 
fairly  high  concentration  is  necessary  and 
that  the  presence  of  neutral  salts  is  inimical 
to  it.  The  theory  of  oedema  put  forward 
by  Martin  Fischer  is  thus  inadequate. 
Apart  from  the  incapacity  of  such  small 
changes  in  acidity  as  are  possible  in  the 
blood  to  produce  other  than  minute  degrees 
of  swelling,  there  are  other  grounds,  such  as 
the  existence  of  free  liauid  in  the  tissue 

JL 

spaces,  which  show  that  oedema  is  really 
a phenomenon  of  osmosis. 


Viscosity 

The  measurement  of  the  viscosity  of 
colloidal  solutions  is  a useful  method  of 
investigating  changes  in  their  state.  More- 
over, if  there  were  a simple  accurate  method 
of  measuring  the  viscosity  of  blood,  it  would 
be  a valuable  clinical  means  of  estimating 
the  changes  in  the  number  of  corpuscles, 
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or  concentration  of  the  blood.  A few  words 
with  reference  to  the  principles  involved 
may  be  of  interest. 

A formula  was  put  forward  by  Einstein 
as  applying  to  a suspension  of  rigid  spheres 
not  too  close  together  to  interfere  with  each 
other’s  movements.  If  v is  the  viscosity 
of  the  liquid  medium  of  suspension,  / the 
ratio  of  the  volume  of  the  suspended  phase 
to  that  of  the  medium,  and  k a constant, 
then  the  viscosity  of  the  system  is 
given  by  the  formula : 

*i  = v (x  + kf). 

In  the  case  of  various  suspensoids  the  value 
of  the  constant  varies  from  i to  4*75.  The 
increase  of  the  constant  has  been  supposed 
to  be  due  to  departure  from  sphericity,  but 
Jeffery  shows  that  this  would  cause  a fall 
in  the  constant.  An  important  implication 
of  this  formula  is  that  the  mere  aggregation 
of  the  particles  would  not  affect  the  vis- 
cosity. But  if  water  passes  into  or  out  of 
the  suspended  phase,  then  the  value  of  / 
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changes,  owing  to  what  amounts  to  an 
increase  or  decrease  of  concentration  of  the 
suspended  phase.  The  same  statement 
applies  to  the  logarithmic  formula  preferred 
by  Arrhenius  : — 

log  v = 0c9 

where  6 is  a constant  and  c the  percent- 
age volume  of  the  system  occupied  by  the 
particles.  The  viscosity  of  water  is  taken 
as  unity.  Bazett  found  this  formula  to 
apply  satisfactorily  to  blood  as  diluted  with 
plasma,  if  e be  given  the  value  0*00773, 
the  total  viscosity  being  given  by  multiply- 
ing by  that  of  the  plasma. 

If  the  suspended  phase  is  deformable, 
as  in  the  case  of  emulsoids,  Hatschek  finds 
the  following  formula  to  hold  : — 


$ A - 1 


vol.  of  whole 


where  A is 


vol.  of  dispersed  phase’ 
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Thus  the  total  volume  of  the  dispersed 
phase  in  relation  to  that  of  the  dispersion 
medium  is  the  determining  factor.  Degree 
of  dispersion  does  not  affect  the  viscosity, 
but  changes  in  the  hydration  of  the  particles 
do. 

This  being  so,  we  should  expect  very 
little  change  in  the  viscosity  of  blood  when 
the  corpuscles  are  hsemolyzed.  This  is 
the  case.  The  rise  of  viscosity  produced  by 
saponin  is  due  to  some  secondary  effect  on 
the  stromata.  It  has  been  found 
by  my  son,  L.  E.  Bayliss,  that  sufficient 
saponin  can  be  added  to  break  up  the 
corpuscles  without  any  significant  effect  on 
the  viscosity.  The  addition  of  further 
quantities,  however,  results  in  a large 
increase. 


CHAPTER  V 


HAEMOGLOBIN 

Difficulties 

THE  preceding  discussion  of  colloids 
and  especially  that  of  proteins 
naturally  leads  to  some  remarks  on 
haemoglobin.  It  is  a remarkable  fact  that 
this  pigment  together  with  chlorophyll, 
chemically  allied,  are  the  two  most  interest- 
ing and  at  the  same  time  most  puzzling  of 
all  known  substances.  We  may  also  ven- 
ture to  say  that  they  are  also  the  most 
important,  since  on  them  depends  our  own 
supply  not  only  of  food  but  also  of  the 
oxygen  to  burn  it.  They  have  moreover 
their  aesthetic  significance.  It  will  scarcely 
be  denied  that  the  two  things  that  give  us 
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most  pleasure  are  rosy  cheeks  and  green 
fields. 

What  makes  haemoglobin  especially 
difficult  to  investigate  is  the  combination 
of  remarkable  chemical  and  physical  pro- 
perties, which  are  unknown  as  yet  in  any 
other  compound.  Although  it  has  been  the 
subject  of  research  for  so  many  years,  some 
of  the  most  fundamental  problems  remain 
still  unsolved.  It  is  perhaps  in  this  case 
that  the  apology  which  I felt  bound  to 
make  in  the  Preface  to  this  book  is  especi- 
ally needed.  Because  the  work  done  by 
Barcroft  and  his  school,  by  A.  V.  Hill  and 
by  Haldane  is  of  so  much  value  as  regards 
the  actual  data  obtained,  which  are  perma- 
nent and  must  serve  as  basis  for  future  work, 
any  criticism  that  I make  must  be  under- 
stood to  refer  rather  to  the  validity  of 
certain  interpretations  or  to  the  extension 
of  particular  cases  to  general  laws.  More 
especially  does  it  seem  necessary  to  speak  a 
word  of  caution  against  the  assumption 
that  the  current  hypothetical  interpreta- 
tion of  the  constants  of  the  Hill  equation 
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suffices  to  explain  all  the  phenomena.  If 
any  remarks  made  serve  to  suggest  problems 
for  experimental  work,  they  will  have  had 
their  use. 


Relation  to  Oxygen  and  Other  Gases 

The  equation  found  by  A.  V.  Hill  to 
satisfy  the  experimental  data  of  Barcroft  is  : 

y Kxn 
ioo  i + Kxn 

where  y is  the  percentage  saturation,  x the 
oxygen  pressure,  K and  n appropriate  con- 
stants. 

Although  this  was  at  first  put  forward 
merely  as  an  empirical  formula  without  any 
physical  meaning  attached  to  the  constants, 
it  was  not  long  before  n was  interpreted  as 
the  order  of  a reversible  reaction  on  mass 
action  basis  and  K its  equilibrium  con- 
stant. 

It  may  be  said  in  general  that  the  experi- 


HAEMOGLOBIN 


105 


mental  data  do  not  fit  very  exactly  in  any 
curve,  or,  alternatively,  more  than  one 
curve  may  be  made  to  fit  equally  well. 
Haldane’s  equation  is  slightly  different 
from  Hill’s.  An  equation  with  two  con- 
stants, however,  is  of  a somewhat  elastic 
nature.  What  is  intended  to  be  conveyed 
by  these  remarks  is  that  the  fact  of  the 
oxygen-dissociation  curve  being  expressed 
by  Hill’s  formula,  or  any  similar  one,  does 
not  prove  much. 

At  the  isoelectric  point  for  hydrogen- 
ions  and  in  the  absence  of  salts,  n — i, 
so  that  the  curve  becomes  the  rectangular 
hyperbola  of  a unimolecular  reaction.  But 
in  the  presence  of  salts,  carbon  dioxide, 
etc.,  of  the  blood,  n =2*4,  that  is,  the 
reaction  as  a whole  is  between  a bi-  and  tri- 
molecular  reaction.  To  explain  this,  it 
has  been  suggested  that  haemoglobin  may 
exist  in  the  blood  in  the  form  of  aggregates 
of  two,  three  or  more  molecules.  Since 
each  of  these  as  a unit  would  combine  with 
two,  three  or  more  molecules  of  oxygen 
respectively,  the  reactions  might  be  re- 
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garded  as  being  bi-  or  tri-molecular  and 
so  on.  Thus  : 

Hb  4-  02  ^ HbOa  (unimolecular) 
(Hb2)  + 2O2  ^ Hb204  (bi-molecular) 
(Hb3)  + 3O2  ^ Hb306  (tri-molecular) 

and  so  on. 

If  now  we  take  the  general  equation  and 
suppose  appropriate  relative  proportions 
of  different  integer  values  of  n,  we  can 
arrive  at  any  wished  for  mean  fractional 
value.  Thus,  if  we  take  two  parts  of  one, 
one  part  of  two,  and  one  part  of  three,  the 
mean  is  2*33.  But  I am  told  by  a mathe- 
matical friend  that  this  is  not  permissible. 
We  must  take  each  separately  as  a whole 
in  different  proportions  and  then  evaluate 
the  mean.  If  we  do  this,  we  obtain  com- 
plicated algebraical  expressions  which 
imply  a mass  action  relationship  between 
the  concentrations  of  the  different  aggre- 
gates, together  with  additional  constants, 
by  which  any  imaginable  curve  could  be 
traced.  Apart  from  such  procedure,  the 
results  appear  to  be  indeterminate. 
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Since  haemoglobin  is  an  emulsoid,  it  is 
not  to  be  expected  that  univalent  ions, 
such  as  those  of  sodium  chloride,  would 
have  much  effect  in  causing  aggregation. 
Adair  was  unable  to  find  evidence  of  such 
aggregation  by  osmotic  pressure  measure- 
ments. 

Moreover,  since  the  H-ion  isoelectric 
point  is  somewhat  on  the  acid  side  of  the 
reaction  of  blood,  haemoglobin  should,  at 
all  events  in  part,  be  present  as  a sodium 
salt.  This  could  doubtless  be  tested  by 
ultra-filtration,  but  has  not  been  done  as 
yet.  But  if  it  is  the  case,  the  haemoglobin 
ions  are  probably  aggregated  to  a much 
greater  degree  than  the  equation  assumes. 
The  question  arises  again  in  regard  to  the 
osmotic  pressure  measurements  of  Hiifner 
and  Gansser.  If  their  haemoglobin  was 
partly  a sodium  salt,  it  must  have  been  dis- 
sociated and,  unless  it  behaved  as  a dibasic 
acid  like  Congo-red,  it  is  remarkable  that 
the  value  found  corresponded  exactly  to 
its  supposed  molecular  weight  on  the  basis 
of  its  content  in  iron.  In  the  free  state  at 
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the  isoelectric  point  recent  observers  find 
very  low  values  of  osmotic  pressure,  like 
other  proteins.  There  is  obviously  some- 
thing that  needs  explanation  here. 

But,  after  all,  the  suspicion  cannot  help 
arising  as  to  whether  oxyhaemoglobin  is 
a true  chemical  compound.  The  fact  that 
the  amount  of  oxygen  taken  up  in  satura- 
tion corresponds  to  the  content  in  iron 
undoubtedly  suggests  that  it  is.  But  then 
we  are  met  with  the  existence  of  methae- 
moglobin,  which  is  undoubtedly  a chemical 
compound  with  oxygen,  since  the  oxygen 
can  only  be  removed  by  a chemical  reducing 
agent,  not  by  a mere  vacuum  for  oxygen. 
This  methaemoglobin  would  repay  further 
investigation.  It  is  easily  formed  in  slightly 
acid  reaction,  and  perhaps  free  oxyhaemo- 
globin may  only  exist  with  difficulty,  so  that 
what  we  call  oxyhaemoglobin  is  the  sodium 
salt.  On  the  other  hand,  there  seems  to 
be  very  little  evidence  that  haemoglobin 
is  combined  with  sodium  at  all  at  the  hydro- 
gen-ion concentration  possible  in  blood. 
But  this  involves  other  problems  with 
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respect  to  the  carriage  of  carbon  dioxide. 
Further  problems  to  be  worked  out ! 

Without  proposing  to  carry  the  point 
further,  I cannot  avoid  reminding  the  reader 
that  a fractional  index  is  a characteristic 
of  most  adsorption  processes.  There  is 
indeed  a curious  similarity  between  the  form 
of  Hill's  equation  and  that  given  by  Lang-* 
muir  for  the  adsorption  of  a gas  by  a crystal 
surface : 

a {Jt 

m ~ I + a 11 

where  m is  the  amount  of  gas  taken  up, 
n is  a function  of  the  gas  pressure  and  a 
is  a constant  rather  less  than  unity. 

A few  words  are  necessary  as  to  theories 
of  the  carriage  of  carbon  dioxide.  It  seems 
fairly  certain  that  this  takes  place  by  the 
agency  of  haemoglobin,  and  most  observers 
hold  that  it  is  due  to  a competition  between 
haemoglobin  and  carbon  dioxide  for  the 
possession  of  available  sodium.  This  pro- 
portion of  sodium  combined  with  each 
would  naturally  vary  with  the  tension  of 
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carbon  dioxide.  But  if  we  accept  the  value 
given  to  the  acidic  dissociation  constant 
of  haemoglobin,  it  can  be  calculated  that 
only  a small  fraction  of  the  sodium  is  com- 
bined at  any  time  with  haemoglobin,  about 
5 per  cent.,  the  rest  being  present  as  bicar- 
bonate. Further,  recent  experiments  show 
that  the  contents  of  the  red  corpuscles  are 
more  acid  than  the  plasma,  and  this  would 
imply  even  less  sodium  in  combination 
with  haemoglobin.  It  is  to  be  admitted 
that  the  above  calculation  rests  on 
uncertain  assumptions  as  to  the  effective 
molecular  weight  and  concentration  of 
haemoglobin,  while  the  mode  of  deducing 
the  acidic  dissociation  constant  may  not 
be  correct  where  colloids  are  concerned. 
Oxyhaemoglobin  is  further  stated  to  be  a 
much  stronger  acid  than  reduced  haemo- 
globin and  thus  capable  of  driving  out 
carbon  dioxide  from  bicarbonate  in  the 
lungs.  But  the  chief  evidence  rests  on 
measurements  with  the  hydrogen-electrode 
and  the  differences  found  are  within  the 
errors  said  by  S0rensen  to  be  inherent  in 
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the  method  when  proteins  are  present.  At 
any  rate,  the  mechanism  on  this  basis  does 
not  appear  to  be  such  an  effective  one  as  so 
important  a function  would  lead  us  to 
expect. 

Numbers  of  more  or  less  exact  clinical 
curves  have  been  constructed  on  the  basis 
of  mass  action  formulae  as  applied  to  the 
acid-base  equilibrium  in  the  blood.  That 
these  cannot  all  be  reliable  is  shown  by 
the  discovery  of  Lovatt  Evans  that  lactic 
acid  is  rapidly  formed  in  shed  blood  by 
glycolysis.  To  avoid  this,  about  o-i  per 
cent,  of  sodium  fluoride  must  be  present. 

It  has  been  held  by  some  physiologists 
that  haemoglobin  itself  takes  up  carbon 
dioxide  in  a way  similar  to  that  in  which  it 
carries  oxygen.  Bohr,  several  years  ago, 
published  a dissociation  curve  of  what  he 
believed  to  be  cajrbon-dioxide-haemoglobin, 
free  from  sodium.  It  is  to  be  remembered, 
however,  that  if  two  atoms  of  sodium  com- 
bine with  one  molecule  of  haemoglobin, 
there  would  be  only  one  part  by  weight 
in  350,  probably  escaping  detection  by 
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chemical  analysis.  Some  similar  results 
have  been  obtained  by  Buckmaster,  but 
the  problem  is  not  decided.  Mrs.  Wright 
Wilson  has  observed  that  carbon  dioxide 
causes  a large  rise  in  the  osmotic  pressure 
of  haemoglobin.  I have  myself  found 
that  blood  dialysed  against  i per  cent, 
boric  acid  [pH  = 47)  gave  off,  after  expo- 
sure to  alveolar  air,  more  carbon  dioxide 
on  acidification  than  was  present  in  the 
bicarbonate  also  added.  Presumably,  there 
was  no  sodium  salt  of  haemoglobin  at  this 
hydrogen-ion  concentration. 

It  seems  to  the  writer  that  some  progress 
might  be  made  from  the  point  of  view  of 
heterogeneity  and  surface  properties,  by 
way  of  variety,  instead  of  on  the  a priori 
assumption  that  the  system  obeys  the 
simple  mass  action  laws  of  a homogeneous 
one.  At  least,  the  possibility  might  be 
kept  in  mind.  Even  if  it  proved  wrong, 
something  would  be  gained.  Certain  facts 
suggest  that  adsorption  is  an  important 
factor,  but  that  the  peculiar  nature  of  the 
compound  introduces  complications.  Thus 
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there  may  well  be  chemical  combination 
regulated  as  to  degree  by  adsorption. 
Nevertheless,  it  would  be  an  attractive 
result  if  it  turned  out  that  oxygen,  carbon 
dioxide,  carbon  monoxide,  nitric  oxide, 
and  chloroform  were  taken  up  by  a similar 
process.  On  the  face  of  it,  it  would  seem 
rather  unlikely  that  hemoglobin  should 
have  chemical  affinity  for  all  of  these 
dissimilar  substances.  But  it  remains  to 
be  seen.  All  that  can  safely  be  said  is 
that  adsorption  has  not  been  disproved. 


The  Phase  Rale  and  Colloids 

Oxyhemoglobin  as  a chemical  compound 
appears  to  be  unique  in  its  property  of 
containing  various  quantities  of  oxygen 
in  the  presence  of  an  unlimited  phase  of 
oxygen  at  different  pressures.  Other  chemi- 
cal compounds  which  take  up  oxygen,  so 
far  as  known,  behave  like  the  heterogeneous 
system  of  lime  and  carbon  dioxide  ; that 

is,  they  are  either  saturated  with  or  free 

8 


114  INTERFACES  IN  PHYSIOLOGY 


from  oxygen.  In  the  language  of  the 
phase  rule,  these  latter  have  but  one  degree 
of  freedom,  whereas  haemoglobin  has  two. 
In  other  words,  if  haemoglobin  is  a 
heterogeneous  system,  it  does  not  obey 
the  phase  rule  as  a chemical  compound 
should. 

But  the  difficult  question  arises  here — 
Does  this  rule  apply  to  colloidal  solutions  ? 
It  will  be  remembered  that  Gibbs  excluded 
all  factors  except  pressure,  temperature, 
and  volume.  Minute  colloidal  particles, 
although  certainly  a separate  phase,  may 
be  peculiar  in  that  such  factors  as 
surface  energy  and  electric  charge  may 
interfere.  The  matter  turns  rather  on 
what  we  are  to  understand  by  solubility. 
It  may  be  noted  that  Parsons  in  a recent 
paper  assumes  periodic  precipitation  of 
haemoglobin  at  various  stages  of  acidity. 

Hence,  it  would  be  of  interest  to  make 
experiments  in  which  haemoglobin  is 
present  as  an  undoubted  phase  in  the 
sense  of  Gibbs,  say  in  moist  films  on  glass 
or  as  deposit  in  a saturated  solution,  in 
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order  to  see  if  it  behaves  in  the  same  way 
as  in  ordinary  solution — in  equilibrium  at 
the  same  temperature  with  various  tensions 
of  oxygen  forming  a regular  curve,  not 
all  haemoglobin  at  one  pressure  and  all 
oxyhaemoglobin  at  a slightly  higher  one, 
like  the  calcium-oxide  carbon-dioxide 
system.  The  fact  that  oxyhaemoglobin 
crystallizes  out  when  concentrated  solutions 
of  reduced  haemoglobin  are  shaken  with 
oxygen  or  with  carbon  dioxide  may  be 
useful  for  this  purpose. 


Heat  of  Combination 

Haemoglobin  in  taking  up  oxygen  gives 
off  heat.  Barcroft  and  Hill  measured  this 
and  found  that  it  corresponded  to  the 
theoretical  value  for  a chemical  compound. 
Subsequent  workers  obtained  very  diver- 
gent values,  for  the  most  part  lower  than 
those  of  the  workers  mentioned.  The  latest 
results  are  those  of  Adolph  and  Henderson, 
who  used  a method  accurate  to  i per 
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cent.  They  found  values  varying  enor- 
mously. They  can  only  suggest  that  there 
are  some  unknown  factors  as  yet  uncon- 
trolled. 


CHAPTER  VI 


ENZYMES 

Heterogeneous  Catalysis 

THE  facts  that  enzymes  are  in  the 
colloidal  state  and  that  their  action 
takes  place  on  the  surfaces  of  the 
enzyme  phase  are  now  generally  admitted. 
Numerous  cases  are  known  where  this 
phase  is  in  the  form  of  coarse  insoluble 
matter  that  can  easily  be  filtered  off,  the 
filtrate  being  then  inactive.  An  experi- 
ment of  this  kind  can  easily  be  made  with 
urease.  If  powdered  soy-beans  are  shaken 
with  70  per  cent,  alcohol  and  the  suspension 
then  filtered  through  paper,  it  will  be 
found  by  adding  urea  that  no  enzyme  is 
in  solution  in  the  filtrate,  but  that  the 
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powder  on  the  filter  is  very  active  on  a 
solution  of  urea  in  70  per  cent,  alcohol. 

We  have  to  do  accordingly  with  a special 
case  of  heterogeneous  catalysis  and  we 
may  proceed  to  consider  some  properties 
of  enzymes  in  which  surface  action  plays 
a part. 


Relation  to  Adsorption 

It  will  be  clear  that  since  the  action 
takes  place  on  the  surface,  adsorption  of 
the  interacting  substances,  say  water  and 
ethyl  butyrate,  must  be  the  first  stage. 
And  further,  that  the  rate  of  reaction 
should  be  proportional  to  the  amount  of 
these  substances  adsorbed  at  a given 
moment.  It  follows  from  this  that  the 
extent  of  surface  available  is  a controlling 
factor  and  we  may  profitably  examine 
into  what  conditions  regulate  it. 

It  is  well  known  that  certain  substances 
which  are  powerfully  adsorbed,  such  as 
saponin,  urethane,  the  higher  alcohols  and 
so  on,  retard  the  action  of  most  enzymes 
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to  a greater  or  less  extent.  The  alcohols 
have  a mixed  effect  to  be  referred  to  later. 
That  of  saponin  is  less  complex.  Since 
adsorption  is  less  at  higher  than  at  lower 
temperatures,  it  occurred  to  me  that  if 
saponin  retards  by  obtaining  partial  posses- 
sion of  the  surface  of  an  enzyme,  its  effect 
should  be  greater  at  the  lower  temperature. 
This  was  found  to  be  so.  It  was  also 
noted  that  the  action  of  saponin  does  not 
permanently  injure  the  enzyme,  since  in 
the  end  the  same  effect  is  produced  as  in 
its  absence.  This  retarding  action  of  saponin 
is  almost  prevented  by  charcoal,  because 
saponin  is  adsorbed  by  charcoal  to  a 
greater  extent  than  it  is  by  the  enzyme. 

Northrop  holds  that  in  the  case  of  trypsin, 
adsorption  of  the  protein  substrate  by  the 
enzyme  cannot  be  a controlling  factor, 
because  when  two  proteins  are  present 
together,  the  effect  is  the  sum  of  the  effects 
on  both,  whereas  one  would  have  expected 
that  the  adsorption  of  one  would  leave 
less  surface  for  the  other.  The  conditions 
are  more  complex,  however,  in  the  case 
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of  proteoclastic  enzymes  than  in  those 
where  the  substrate  is  in  true  solution. 
We  have  two  colloidal  phases,  and  it  is 
not  quite  clear  as  to  which  should  be 
regarded  as  the  adsorbing  surface.  Prob- 
ably experiments  with  two  substrates  and 
varying  enzyme  concentration  might  throw 
light  on  the  problem.  There  is  a further 
possibility  which  does  not  seem  to  have 
been  investigated.  Suppose  that  a film 
of  casein  has  been  adsorbed,  say  by  char- 
coal, it  is  not  unlikely  that  this  casein 
surface  may  in  its  turn  adsorb  another 
substance,  perhaps  albumin.  Experiments 
to  find  out  whether  an  adsorbed  layer 
behaves  like  the  surface  of  a mass  of  this 
same  material  would  give  interesting  infor- 
mation. We  have  seen  that  a surface 
may  become  saturated — on  Langmuir’s 
theory,  when  covered  by  a layer  of  one  mole- 
cule in  thickness.  It  has  been  suggested 
that  this  is  the  reason  why  above  a certain 
concentration  of  substrate,  no  further 
increase  of  rate  of  change  occurs.  But 
it  is  stated  by  Northrop  that  in  the  case  of 
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trypsin,  if  the  course  of  the  reaction  be 
followed  by  estimation  of  the  amount  of 
protein  left  unchanged,  this  phenomenon 
does  not  appear.  It  is  difficult  to  see  how 
this  applies  to  urease  and  lactase,  where 
the  chemical  change  is  comparatively 
simple,  but  it  should  be  tested. 


Colloidal  Properties  and  Consequences 

Therefrom 

The  active  surface  may  be  diminished  by 
aggregation  of  a number  of  small  particles 
to  form  one  large  one,  as  well  as  by  its 
being  partly  occupied  by  a foreign  sub- 
stance in  the  way  discussed  above. 

Enzymes,  however,  are  not  particularly 
sensitive  to  electrolytes,  except  to  hydro- 
gen- and  hydroxyl-ions.  This  is  probably 
because  they  are  emulsoids,  or  at  any  rate 
complexes  of  which  emulsoids  form  a part. 
The  trivalent  lanthanum-ion  in  point  of 
fact  precipitates  urease,  completely  in  0.005 
molar  concentration,  aggregates  the  enzyme 
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in  0*00083  molar  solution.  In  the  latter 
case,  the  activity  is  reduced  to  four-ninths 
of  its  normal  value.  Tadokoro  showed  by 
the  spectro-photometer  that  calcium-ions 
aggregate  taka-diastase.  Onodera  investi- 
gated the  effect  of  a number  of  acids  on 
urease  and  came  to  the  conclusion  that 
their  surface  tension  plays  a part,  perhaps 
by  facilitating  adsorption  of  the  hydrogen- 
ion  component. 

Since  electrolytes  alter  the  distribution 
of  water  between  the  two  phases  of  an 
emulsoid  system,  an  investigation  of  the 
results  of  varying  degrees  of  distension  of 
enzyme  particles  by  water  would  be  of 
interest. 

The  opposite  effect  of  greater  dispersion 
in  increasing  the  active  surface  is  sometimes 
met  with  in  the  results  of  the  addition  of 
substances  which  lower  surface  tension. 
Bile  salts  increase  the  activity  of  lipase, 
capryl  alcohol  that  of  urease.  The  lowering 
of  surface  tension  by  the  adsorption  of 
these  substances  causes  greater  dispersion 
because  it  allows  smaller  particles  to  exist 
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without  joining  together  for  the  purpose  of 
reducing  their  surface  energy. 

It  will  be  noted  that  this  property  of 
“ surface-active  ” substances  is  in  conflict 
with  that  of  possession  of  surface  in  reduc- 
ing the  amount  of  substrate  adsorbed. 
The  opposition  shows  itself  in  the  action 
of  alcohols,  whose  effects  differ  according 
to  concentration.  A further  complication 
is  also  present  here  in  that  they  have  also 
a destructive  effect,  due  either  to  chemical 
action  or  more  probably  to  irreversible 
aggregation.  If  we  compare  the  effects 
of  capryl,  amyl  and  ethyl  alcohols  on  urease, 
we  find  that  the  first  is  purely  favourable, 
on  account  of  the  fact  that  its  effect  on 
surface  tension  is  great,  while  its  solubility 
is  too  low  for  much  adsorption  and  dis- 
placement of  urea  from  the  surface.  The 
effect  of  amyl  alcohol  is  like  that  of  saponin, 
the  displacement  effect  is  preponderant. 
Ethyl  alcohol  retards  by  aggregation  ; it 
has  very  little  influence  on  surface  tension. 
Onodera  finds  that  it  accelerates  in  weak 
concentration. 
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Enzymes  when  precipitated  by  alcohol 
or  acetone  can  be  redispersed  in  active 
form  if  not  kept  too  long  exposed  to  the 
reagent.  In  such  a case,  the  irreversible 
form  of  aggregation  described  by  Chick 
and  Martin  (p.  69  above)  occurs. 

It  is  not  unlikely  that  the  high  tempera- 
ture coefficient  of  enzyme-action  may  be 
partly  due  to  greater  dispersion,  which  has 
been  seen  in  the  ultra-microscope  as  a result 
of  moderate  warming.  On  the  other  hand, 
inactivation  at  higher  temperatures  may 
be  due  to  irreversible  aggregation  ; prob- 
ably the  precipitate  is  not  the  active  con- 
stituent of  the  enzyme  system,  but  carries 
the  latter  down  by  adsorption.  An  enzyme 
adsorbed  on  charcoal  or  when  substrate 
is  adsorbed  on  it  is  less  sensitive  to  heat. 
The  particles  in  such  circumstances  are 
unable  to  aggregate. 


Theories  of  Mode  of  Action 
A word  may  first  be  said  as  to  the  value 
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of  applying  mass  action  formulae.  The 
fact,  now  generally  accepted,  that  enzymes 
act  at  their  surfaces,  introduces  a diffi- 
culty at  the  outset.  Although  a unimole- 
cular  formula  is  occasionally  found  to  apply 
fairly  well  to  a particular  stage  of  an  enzyme 
reaction,  the  fact  that  the  rate  of  further 
change  is  proportional  to  the  amount  then 
left  unchanged  is  by  no  means  a peculiarity 
of  a simple  chemical  reaction,  and  indeed  it 
gives  little  if  any  information  as  to  the 
nature  of  the  mechanism  concerned.  When 
dealing  with  colloids,  it  is  only  in  a high 
state  of  dispersion  that  the  surface  varies 
even  approximately  as  the  mass  concen- 
tration. As  the  size  of  the  aggregates  in- 
creases, the  disproportion  becomes  greater. 
It  is  very  doubtful  whether  progress  is 
possible  on  the  simple  lines  of  mass  action. 

On  the  other  hand,  it  is  by  no  means  clear 
how  surface  concentration  leads  to  increased 
rate  of  reaction.  If  we  accept  Langmuir’s 
point  of  view,  the  reacting  groups  of  the 
adsorbed  molecules  may  be  so  orientated 
as  to  be  favourably  situated  for  mutual 
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interaction,  or  the  reverse  (as  in  the  experi- 
ments of  van  Kruyt).  This  might  be  called 
a static  view.  It  has  been  pointed  out  that  it 
excludes  mass  action  and  also  theories  of  in- 
termediate compounds  with  the  enzyme 
itself. 

Although  theories  of  this  latter  kind  enjoy 
some  reputation,  the  general  occurrence 
of  such  intermediate  compounds  in  hetero- 
geneous catalysis  is  purely  hypothetical, 
unless  we  choose  to  look  upon  adsorption 
as  the  formation  of  an  intermediate  com- 
pound. As  an  example  of  such  theories, 
we  may  take  the  series  of  equations 
suggested  by  E.  F.  Armstrong  for  the  hydro- 
genation of  unsaturated  fats  under  the 
influence  of  a nickel  catalyst.  The  symbol 
— CH  = CH — represents  the  ethylene  link- 
age of  a fat : 

Ni  + (— CH  = CH— ) + H2  ^ 
(Ni,— CH  = CH— ) + H2  ^ 

(Ni,— CH  = CH— H2)  ^ 

(Ni,— CH2— CH2— ) ^ 

Ni  + (— CH2— CH2— ). 
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One  may  ask,  does  this  really  help  or  mean 
more  than  if  the  nickel  had  been  left 
out  ? 

Hardy  has  suggested  that  the  chemical 
potential  of  reacting  groups  may  be  raised 
by  surface  forces,  and  in  this  connexion 
we  may  remember  the  calculations  of 
Williams  as  to  the  great  magnitude  of  such 
forces  (see  p.  96  above).  Langmuir  also 
found  that  hydrogen  becomes  atomic  on 
tungsten  filaments. 

Faraday  was  apparently  of  the  opinion 
that  close  approximation  on  the  surface  is 
sufficient  to  account  for  the  union  of  oxygen 
and  hydrogen  on  platinum  and  other  inert 
surfaces. 

If  we  take  the  view  that  the  increased 
rate  of  reaction  is  due  to  the  mass  action 
of  increased  concentration,  it  must  be 
admitted  that  after  fixation  by  adsorption 
the  usual  kinetic  effect  of  greater  frequency 
of  collision  cannot  come  into  play.  But 
may  it  not  be  that  the  acceleration  occurs 
in  the  liquid  phase,  in  the  layer  immediately 
preceding  adsorption  ? The  concentration 
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in  this  layer  is  naturally  brought  about  by 
the  forces  of  the  interface. 

When  we  have  to  do  with  a reversible 
reaction  which  has  its  equilibrium  position 
some  distance  from  completion  in  either 
direction,  such  as  the  hydrolysis  of  an 
ester  in  the  presence  of  very  little  water, 
an  interesting  question  arises  which  as 
yet  awaits  an  answer.  As  is  well  known, 
the  equilibrium  position  is  arrived  at  in 
the  absence  of  a catalyst,  if  we  wait  long 
enough.  It  can  be  brought  about  rapidly 
by  the  catalytic  agency  of  an  acid  and  is 
found  to  be  at  the  same  place  as  the  natural 
one,  since  it  is  characteristic  of  such  homo- 
geneous catalysts  that  they  do  not  supply 
energy  to  the  system.  When  catalysis 
takes  place  on  the  suface  of  a heteroge- 
neous phase,  as  by  an  enzyme,  it  seems 
improbable  that  all  the  constituents  of  the 
system  should  be  adsorbed  in  the  same  pro- 
portion as  they  exist  in  the  liquid  phase. 
Some  of  them  would  no  doubt  be  adsorbed 
more  strongly  than  others.  If  this  is  the 
case,  the  equilibrium  position  would  be 
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different  on  the  enzyme  surface  from  the 
natural  one  in  the  body  of  the  liquid  phase. 
Does  this  imply  that  the  equilibrium  in 
catalysis  by  enzymes  is  not  the  same  as 
that  brought  about  by  acids  ? Dietz  did 
actually  find  that  the  position  in  an  ester 
system  was  nearer  to  the  ester  side,  or 
synthetic  position,  when  brought  about  by 
lipase  than  when  brought  about  by  acid. 
This  apparently  puzzling  result  implies 
that  energy  was  supplied  from  some  source. 
Dietz  suggests  surface  energy.  Supposing 
that  water  was  less  adsorbed  than  the  other 
constituents  of  the  ester  system,  as  is  prob- 
able, the  reaction  towards  the  synthetic 
side  would  be  favoured,  with  the  supply  of 
energy  from  surface  action,  perhaps  heat 
of  adsorption.  Some  information  as  to 
change  of  equilibrium  position  by  differ- 
ential adsorption  might  be  obtained  from 
experiments  in  an  ester  system  in  presence 
of  a large  adsorbing  surface,  say  charcoal. 
I have  such  experiments  in  progress  at  the 
present  time. 
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Synthetic  Action 

The  facts  mentioned  in  the  preceding 
paragraph  lead  to  brief  reference  to  the 
synthetic  activity  of  enzymes.  It  is  suffi- 
cient to  recall  the  fact  that  the  equilibrium 
position  in  a reversible  hydrolytic  reaction 
depends  on  the  concentration  of  water  in 
the  system  to  see  that  the  same  enzyme 
will  have  either  hydrolytic  or  synthetic 
action  according  to  circumstances.  There 
is  no  necessity  for  the  assumption  of  special 
synthesizing  enzymes,  and  indeed  an 
examination  which  I made  of  the  cases  in 
which  they  were  supposed  to  exist  showed 
the  falsity  of  the  hypothesis. 


Adjustment  of  Processes  in  the  Cell 

We  see  therefore  that  what  is  wanted  to 
control  the  sign  of  the  activity  of  enzymes 
in  the  living  cell  is  an  effective  method  of 
changing  the  concentration  of  free  water. 
For  example,  the  amylase  of  the  liver  at 
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one  time  may  have  the  function  of  hydro- 
lysing the  stored  glycogen  ; at  another,  the 
synthesis  of  this  glycogen  by  removal  of 
water  from  glucose  molecules. 

One  way  of  doing  this  is  by  the  action  of 
electrolytes  on  emulsoids,  changing  their 
state  of  swelling.  Or  water  may  be 
adsorbed  on  certain  surfaces,  the  area  of 
which  may  be  increased  or  diminished  by 
various  agents,  as  that  of  colloids,  by  dis- 
persing or  aggregating  agents. 


CHAPTER  VII 


THE  CELL-MEMBRANE 

WE  turn  now  to  the  part  played 
by  adsorption  in  the  properties 
of  the  membrane  covering  the 
surface  of  living  cells,  which  is  of  so  much 
importance  in  the  regulation  of  the  per- 
meability, osmotic  pressure  and  related 
characters  of  the  cell. 

A significant  fact  was  discovered  by 
Pfeffer,  Naegeli  and  others,  when  they 
found  that  a new  film,  of  the  same  proper- 
ties as  the  original  one,  was  formed  when 
the  protoplasm  of  the  cells  was  broken  up 
so  that  the  surface  of  the  fragments  came 
into  contact  with  water. 

Mode  of  Production 

It  is  evident  that  the  film  must  be 
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produced  by  the  surface  condensation  of 
some  constituents  of  the  cell  protoplasm, 
those  constituents  in  fact  which  have  the 
property  of  reducing  surface  energy  of 
some  kind. 

Further,  some  of  these  constituents  when 
concentrated  at  an  interface  become  more 
or  less  rigid,  as  shown  by  Ramsden.  It 
appears  that  the  limit  of  solubility  or  of 
colloidal  suspension  is  exceeded  by  such 
concentration.  Substances  which  behave 
in  this  way  are  proteins,  peptone,  bile  salts, 
quinine,  saponin,  etc.  When  the  outside 
liquid  phase  itself  contains  substances  cap- 
able of  surface  condensation,  as  in  the 
animal  organism,  these  substances  them- 
selves take  part  in  the  formation  of  the 
membrane. 


Properties 

An  interesting  result  of  the  mode  of  for- 
mation of  the  membrane  is  the  possibility 
of  the  passage  through  it  of  solid  particles 
of  visible  dimensions,  although  in  ordinary 
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circumstances  it  is  impermeable  to  colloids 
and  even  to  certain  inorganic  salts,  such  as 
sodium  chloride.  This  is  due  to  the  actual 
breaking  of  the  membrane  by  the  particles 
and  its  subsequent  new  formation  behind 
them  as  they  pass  through.  A needle  may 
be  passed  through  a soap  film  in  the  same 
way.  We  have  here  the  explanation  of 
phagocytosis.  Substances  in  the  ionic  or 
colloidal  state  must  pass  through  pores 
that  are  already  present,  and  if  these  are 
too  small,  the  membrane  is  impermeable 
for  such  substances. 

It  is  a matter  of  great  difficulty  to  suggest 
any  probable  structure  for  the  membrane. 
Owing  to  its  mode  of  production,  it  is  no 
doubt  of  a very  complex  chemical  nature. 
It  appears  to  be,  in  all  states  of  the  cell, 
permeable  to  all  substances  soluble  both  in 
water  and  in  oil  or  lipoid,  such  as  urea, 
some  ammonium  salts,  alcohol,  chloroform, 
carbon  dioxide,  oxygen,  etc.,  as  Meyer  and 
Overton  pointed  out.  In  the  resting  state 
of  the  cell,  the  membrane  is  impermeable 
to  salts,  other  than  certain  salts  of 
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ammonium,  to  glucose  and  to  amino- 
acids  ; while  in  a state  of  activity  it  becomes 
permeable  to  all  these.  The  facts  men- 
tioned support  the  suggestion  made  by 
Clowes  that  the  membrane  is  a system  of 
two  phases,  a watery  solution  of  protein 
and  a lipoid  phase.  In  the  resting  state, 
the  lipoid  phase  is  the  external  or  continuous 
one,  so  that  the  pores  between  the  elements 
of  the  watery  phase  are  filled  with  lipoid 
and  can  only  be  passed  by  substances  sol- 
uble therein.  In  the  state  of  activity, 
the  position  of  the  two  phases  is  reversed. 
Hence  the  watery  phase  is  now  continuous, 
so  that  any  substance  soluble  in  water, 
even  if  insoluble  in  lipoid,  can  now  pass 
through.  As  already  referred  to  (p.  26 
above),  Clowes  showed  that  artificial 
systems  of  the  nature  in  question  could 
be  converted  into  one  another.  The  oil- 
in-water  emulsion  is  converted  bv  calcium 
salts  into  the  water-in-oil  system.  The 
effect  of  calcium  in  maintaining  the  normal 
state  of  the  cell  is  significant  in  this  con- 
nexion and  will  be  considered  again  later. 
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According  to  such  a view  of  the  structure 
of  the  cell-membrane,  there  are  two  condi- 
tions necessary  for  a substance  to  penetrate 
it.  This  substance  must  be  soluble  in 
what  happens  to  be  the  continuous  phase 
and  also  of  sufficiently  small  molecular  or 
particulate  dimensions  to  pass  through  the 
pores  between  the  elements  of  the  dis- 
persed phase.  In  considering  molecular 
or  ionic  dimensions,  the  associated  water 
molecules  must  be  taken  into  account. 
Hamburger  has  suggested  that  the  shape 
of  the  pores  in  relation  to  that  of  the  mole- 
cules traversing  them  may  play  a part. 

This  impermeability  of  the  living  cell- 
membrane  for  most  solutes  has  important 
results.  It  is  clear,  to  begin  with,  that  if 
the  molecular  concentration  of  the  external 
medium  is  lower  than  that  of  the  cell  con- 
tents, as  in  the  case  of  plants  and  unicel- 
lular animals,  there  must  be  a constant 
osmotic  pressure  tending  to  draw  water 
into  the  cell.  In  plant  cells  with  a cellu- 
lose envelope,  undue  distension  of  the  cell 
is  prevented,  but  a high  internal  pressure 
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results.  This  is  known  as  “ turgor  ” and 
is  responsible  for  the  rigidity  of  many  up- 
right flower  stalks,  which  are  soft  and  yield- 
ing in  its  absence.  In  most  tissues  of  the 
higher  animals,  the  cells  are  surrounded 
by  a liquid  of  very  nearly  the  same  osmotic 
pressure  as  themselves,  as  can  readily  be 
seen  in  the  case  of  the  red  blood  corpuscles. 
Thus,  the  tendency  to  swell  by  osmosis  is 
avoided.  But  in  cases  such  as  those  of 
protozoa  in  water,  there  is  a continuous 
intake  of  water  which  would  burst  the  cell 
were  it  not  for  the  periodic  rejection  by 
the  contractile  vacuole , as  was  first  pointed 
out  by  Marcus  Hartog.  As  this  vacuole 
grows  in  size,  it  reaches  the  cell-membrane 
and  empties  itself,  the  membrane  then  clos- 
ing over  the  orifice.  The  whole  process  is 
repeated  periodically. 

The  existence  of  a cell-membrane  is 
also  of  importance  in  some  histological 
methods.  In  order  that  a dye  may  stain 
structures  within  the  living  cell,  it  is  obvious 
that  the  membrane  must  be  permeable 
to  it.  In  some  cases,  however,  it  appears 
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that  the  dye  may  injure  the  membrane, 
making  it  permeable,  although  the  cell  is 
not  at  once  killed.  Investigation  of  the 
staining  properties  of  the  cell  during  lethal 
changes  would  probably  afford  valuable 
information,  since  these  reactions  seem  to 
be  different  both  from  those  of  the  living 
cell  and  those  of  the  dead  cell.  Even  in 
the  fixed  dead  cell,  the  membrane  plays 
a part  according  to  Benians,  who  states 
that  Gram-positive  and  Gram-negative  bac- 
teria differ  only  by  the  presence  or  absence 
of  a membrane  capable  of  retaining  the 
compound  dye-iodine  particles. 

The  fact  of  the  membrane  being  an 
integral  part  of  the  cell  mechanism  makes 
less  puzzling  such  observations  as  those 
of  Warburg  on  the  increase  of  oxidation 
in  egg-cells  when  exposed  to  sodium 
hydroxide.  This  alkali  does  not  enter  the 
cells,  as  can  be  shown  by  previously  stain- 
ing them  with  neutral  red.  Shearer,  again, 
has  shown  that  a similar  increase  in  oxida- 
tion occurs  in  the  process  of  fertilization 
before  the  sperm  cell  has  actually  entered. 
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Changes  in  Activity 

Owing  to  the  mode  of  its  formation,  the 
cell-membrane  cannot  be  looked  upon  as 
a permanent  structure.  It  changes  rever- 
sibly under  the  influence  of  changes  in  the 
cell  and  in  equilibrium  with  them. 

Lillie  and  others  have  shown  in  various 
ways  that  the  membrane  becomes  per- 
meable in  the  state  of  excitation  of  the  cell. 
Thus  at  this  time  substances  can  be  taken 
into  the  cell  to  which  it  was  inaccessible 
in  the  state  of  rest.  Osmotic  observations 
on  resting  cells,  for  example,  show  that 
they  are  impermeable  to  glucose  and  to 
amino-acids.  But  these  are  necessary  foods 
for  the  protoplasm,  and  until  the  discovery 
of  permeability  in  activity  was  made,  a 
difficulty  was  felt.  It  is  of  interest  to  call 
to  mind  that  glucose  is  especially  needed 
for  the  supply  of  energy  in  activity  and  that 
it  is  just  in  this  state  that  it  can  enter  the 
cell. 

Active  muscle  takes  up  potassium, 
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whereas  the  resting  cell  does  not.  After 
having  entered  in  during  activity,  it  does 
not  escape  during  subsequent  rest  under 
normal  conditions.  If,  however,  there  is 
no  calcium  present,  the  potassium  escapes, 
owing  to  the  necessity  of  calcium  for  the 
preservation  of  the  normal  condition  of 
the  membrane  (Mitchell,  Wilson  and 
Stanton). 


CHAPTER  VIII 


ELECTRICAL  PHENOMENA  IN 
LIVING  CELLS 

IN  this  chapter  we  propose  to  discuss 
some  results  which  follow  from  the 
impermeability  of  the  cell-membrane  to 
certain  ions  and  its  permeability  to  those 
of  opposite  charge. 


Electrical  Conductivity 

Since  the  conductivity  of  a solution  de- 
pends on  the  movement  of  the  ions  con- 
tained in  it  to  the  oppositely  charged 
electrode  and  their  giving  up  to  this  of  the 
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charge  they  possess,  it  is  clear  that  freedom 
of  access  to  the  electrode  is  essential.  If 
a sac  consisting  of  a membrane  which  is 
impermeable  to  electrolytes,  but  permeable 
to  water,  a so-called  “ semi-permeable  ” 
membrane,  containing  a solution  of  some 
salt  is  immersed  in  a solution  of  the  salt, 
that  portion  of  the  way  between  electrodes 
at  opposite  sides  of  the  vessels  which  is 
occupied  by  the  sac  does  not  serve  for  the 
purpose  of  conducting  the  current.  Hence 
the  resistance  of  the  system  is  greater 
than  it  would  become  if  the  membrane 
of  the  sac  became  free  for  the  passage  of 
ions,  so  that  the  whole  space  could  serve 
for  conducting  the  current. 

The  cell-membrane  is  usually  imperme- 
able to  the  ions  present  in  the  cell,  so  that 
this  cell  acts  more  or  less  as  a non-conductor. 
If  the  corpuscles  in  blood  are  so  treated 
as  to  produce  haemolysis,  it  is  clear  that 
their  resistance  disappears  and  the  conduc- 
tivity of  the  blood  increases.  This  is  the 
basis  of  Stewart’s  method  of  determining 
the  relative  proportion  of  corpuscles  and 
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plasma.  And  also,  as  it  appears  to  me, 
of  the  experiments  of  Osterhout  on  the 
increase  of  conductivity  of  vegetable  cells 
under  the  influence  of  sodium  and  its 
decrease  again  when  calcium  is  added. 
In  the  latter  case,  the  cells  are  normal  as 
regards  their  permeability  ; in  the  presence 
of  sodium  salts  alone  the  membrane  loses 
its  semi-permeability  and  therefore  conducts 
well.  It  has  also  been  shown  that  excited 
muscle  has  a lower  resistance  than  when  at 
rest.  This  fact  serves  to  confirm  the  view 
that  the  excitatory  state  is  accompanied 
by  increased  permeability. 

It  is  of  interest  to  recall  the  fact  that  in 
the  electrolytic  process  used  by  Morse  for 
making  his  osmotic  cells,  the  progress  of 
the  membrane  towards  perfect  semi- 
permeability was  indicated  by  a steadily 
increasing  electrical  resistance,  due  to  its 
becoming  less  and  less  permeable  for  the 
ions  of  the  solutions  forming  it. 
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Electrical  Changes  in  Excitation 

It  was  pointed  out  by  Ostwald  in  1890 
that  in  order  that  a membrane  should  be 
impermeable  for  a particular  salt,  it  is 
sufficient  that  it  should  be  impermeable 
for  one  only  of  the  two  opposite  kinds  of 
ions  into  which  the  salt  is  dissociated. 
The  other  cannot  escape  owing  to  the 
electrostatic  attraction  of  its  fellow,  which 
however  allows  it  to  go  far  enough  to  form 
on  the  outer  side  of  the  membrane  a layer 
of  the  permeable  ions.  As  Ostwald  pointed 
out,  such  a process  results  in  the  presence 
of  an  electric  charge  on  the  membrane,  or 
a potential  difference  between  the  two  sides 
of  the  membrane.  We  have  already  con- 
sidered the  case  of  Congo-red,  where  the 
indiffusible  ion  is  colloidal,  but  the  facts 
apply  also  to  substances  in  true  solution, 
if  the  membrane  is  an  appropriate  one. 
Measurements  in  the  case  of  Congo-red 
indicated  to  me  that  when  solutions  of 
different  concentration  were  on  opposite 
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sides  of  the  membrane,  the  values  of  the 
potential  difference  were  in  agreement  with 
the  Nernst  formula  for  a concentration 
battery.  It  has  been  pointed  out  that  a 
system  of  this  kind  forms  a diagram  of  the 
conditions  present  in  a cell  with  a metallic 
electrode.  It  should  be  noted  that  the 
source  of  the  electromotive  force  is  in  the 
ions  of  the  non-diffusible  electrolyte  itself 
and  would  be  present  if  no  other  ions 
existed  in  the  solution.  Such  then  is  the 
basis  of  the  explanation  of  the  potential 
differences  found  in  living  cells.  It  is 
necessary  to  be  clear  about  the  matter, 
because  some  confusion  has  arisen  in  con- 
nexion with  the  part  played  by  the  Donnan 
membrane  effect.  In  the  course  of  the 
work  that  I was  doing  on  the  osmotic 
pressure  of  congo-red,  I noticed  that  foreign 
salts,  such  as  sodium  chloride,  although 
both  of  its  ions  were  freely  diffusible 
through  the  membrane,  were  never  equally 
distributed  between  the  inner  and  outer 
solutions.  Donnan  came  across  the  fact 
at  the  same  time,  and  in  1911  published  a 
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thermodynamic  treatment  of  the  problem, 
showing  how  the  relative  concentrations 
could  be  calculated.  Since  the  potential 
difference  in  the  limiting  case  with  pure 
water,  as  mentioned  above,  depends  on  the 
layer  of  sodium-ions  on  the  outside  of  the 
membrane,  it  is  clear  that  a different 
concentration  of  these  ions  on  the  two 
sides  implies  a modification  of  the  potential 
difference  of  the  pure  solution.  This  can 
be  calculated  from  Donnan's  equations. 
But  of  course  it  cannot  properly  be  called 
the  origin  of  the  potential  difference.  There 
would  be  none  in  the  absence  of  the  indif- 
fusible  ions  and  it  would  be  maximal  in 
the  absence  of  the  diffusible  salt  with 
which  the  Donnan  theory  is  concerned. 
Owing  to  the  presence  in  certain  cases 
of  diffusible  salts,  Donnan’s  theory  of 
membrane  equilibrium  is  of  much  im- 
portance in  some  physiological  processes. 

Suppose  next  that  the  living  cell-mem- 
brane is  permeable  to  anions,  impermeable 
to  cations,  as  we  find  by  experiment  to  be 
the  case  with  the  red  blood  corpuscles. 
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It  is  easy  to  see  that  it  will  have  a negative 
charge  on  the  outer  surface,  conferred  by 
the  layer  of  anions.  The  cells  of  secreting 
glands  appear  to  behave  in  the  same  way. 
Whereas  the  muscle  cell  is  permeable  to 
cations,  impermeable  to  anions,  and  has 
therefore  a positive  charge,  as  can  be  seen 
by  injury  to  one  part  of  it. 

An  interesting  case  of  surface  charge 
which  can  be  treated  in  a similar  way  is 
the  system  described  by  Beutner,  where 
two  immiscible  liquids,  a solution  of  tolui- 
dine  thiocyanate  in  toluidine,  and  one  of 
potassium  thiocyanate  in  water,  are  in 
contact.  The  potassium-ion  is  insoluble 
in  toluidine,  whereas  the  thiocyanate  one 
is.  The  latter  wanders  out  as  far  as  the 
attraction  of  the  potassium-ion  permits  it 
and  thus  forms  a Helmholtz  double  layer 
at  the  interface. 

Another  source  of  potential  difference 
should  be  mentioned,  although  it  is  doubtful 
if  it  has  much  physiological  importance.  If 
a solution  of  an  electrolyte  comes  into 
contact  with  water,  the  faster  moving  ion 
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diffuses  out  to  a slight  degree  in  advance 
of  its  fellow,  and  thus  gives  rise  to  a 
potential  difference.  This  however  is  not 
permanent,  unlike  the  membrane  effect 
in  cells. 

The  effect  of  an  increased  concentration 
of  carbon  dioxide  in  the  blood  in  giving 
rise  to  an  increase  in  the  “ alkali  reserve  ” 
of  the  plasma,  as  investigated  particularly 
by  Hamburger,  has  been  recently  shown 
by  Warburg  in  Copenhagen  to  be  satis- 
factorily explained  by  an  interchange  of 
anions  (Cl'  and  HC03')  through  the 
membrane,  as  regulated  by  the  Donnan 
membrane  effect.  The  swelling  of  the 
corpuscle  is  explained  by  the  resultant 
increase  in  osmotic  pressure  within  it. 
The  net  result  is  an  increase  in  the 
relative  proportion  of  HC03  ions  to  chlorine 
ions  in  the  plasma,  the  cations  remaining 
as  before. 

Another  interesting  fact  relating  to  the 
permeability  of  the  cells  is  that  carbon 
dioxide  appears  to  be  more  powerful  as 
a stimulus  than  mineral  acids  of  equal 
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hydrogen-ion  concentration.  These  latter 
do  not  readily  pass  into  the  cell,  because  the 
membrane  is  impermeable  to  the  hydrogen- 
ion  as  to  other  cations.  At  least  I find 
evidence  that  the  statement  applies  to 
blood  corpuscles.  Now  Jacobs  has  pointed 
out  that  carbon  dioxide  dissolved  in  water 
(not  as  the  ions  of  H2C03)  must  be  readily 
diffusible  through  the  cell-membrane, 
because  it  is  continually  being  produced 
and  must  be  removed.  When  it  has  entered 
the  cell  from  outside,  it  combines  with 
water  to  form  the  ionized  acid  in  immediate 
contact  with  sensitive  cell  structures.  This 
seems  a very  reasonable  view  and  explains 
some  rather  puzzling  phenomena. 

Similar  considerations  apply  to  solutions 
of  ammonia.  In  an  acid  solution  of 
ammonium  chloride,  the  contents  of  a 
living  cell  may  become  alkaline,  owing 
to  the  permeability  of  its  membrane  for 
undissociated  NH3  or  NH4OH.  Thus  car- 
bonic acid  and  ammonia  as  alkali  possess 
special  properties  in  relation  to  changes  of 
reaction  within  the  cell. 
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We  pass  on  now  to  what  happens  to  the 
electric  state  of  the  cell  when  activity  is 
entered  into.  Such  electric  changes  have 
been  known  for  a long  time  in  muscle  and 
nerve  and  various  theories  have  been  put 
forward  to  account  for  them.  Leaving  on 
one  side  the  older  views  of  Du  Bois 
Reymond  and  of  Hermann,  which  were 
propounded  before  the  phenomena  of  elec- 
trolytic dissociation  were  known,  we  may 
discuss  what  seems  to  be  the  most  in 
accordance  with  the  facts  and  is  essentially 
that  put  forward  by  Bernstein.  This 
investigator  realized  that  the  phenomena 
must  be  accounted  for  by  the  movements 
and  changes  in  local  concentration  of 
ions.  Evidence  for  this  was  afforded  by 
the  temperature  coefficient  of  the  potential 
difference  of  injured  muscle,  which  was 
too  low  to  be  that  of  a chemical  reaction. 
Loeb  and  Beutner  also  found  that  the 
value  of  this  potential  difference  depended 
on  the  ions  present  in  the  electrodes 
used. 

Starting  from  the  condition  of  the  muscle 
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or  nerve  cell  as  described  above  and 
represented  in  diagram  in  Figure  4,  we  note 
that  if  any  two  points  on  the  normal  cell 
are  led  off  they  will  be  equi-potential, 
because  the  inner  member  of  the  double 
layer  is  inaccessible.  But  if  the  membrane 
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Fig.  4.  Diagrams  of  the  Electrical  State  of  the  Resting  Cell 
(A)  and  of  that  of  the  Active  Cell  (B). 


is  injured  or  made  permeable  at  any  spot, 
the  result  is  equivalent  to  its  disappearance  ; 
the  ions  which  were  separated  by  the  mem- 
brane (which  is  sometimes  said  to  be 
“ polarized  ”)  mix  together,  the  potential 
difference  disappears  and  the  electrode 
here  is  enabled  to  lead  off,  through  the 
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contents  of  the  cell,  the  internal  member 
of  the  double  layer,  which  is  negative  to 
the  outside.  Thus  the  “ negativity  " of 
an  injured  or  excited  spot  should  rather 
be  spoken  of  as  positivity  of  the  normal 
spot.  The  current  so  produced  is  the 
“ demarcation  current/'  which  naturally 
disappears  as  the  electrolytes  contained  in 
the  cell  diffuse  away  through  the  injured 
part. 

Suppose  next  that  the  cell  showing  this 
demarcation  current  is  stimulated  so  as  to 
become  permeable  at  the  other  electrode 
also.  The  potential  difference  is  now  absent 
at  both  electrodes  and  there  results  a 
diminution  or  abolition  of  the  demarcation 
current : this  diminution  was  originally 
called  “ negative  variation."  If  both 
electrodes  are  on  normal  spots  and  the 
excitatory  state  passes  as  a wave  under 
each  in  turn,  it  is  clear  that  the  effect 
is  a “ negativity  " of  the  electrode  first 
met,  followed  by  that  of  the  other,  the 
so-called  “ diphasic  variation." 

We  have  already  considered  the  evidence 
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that  excitation  means  increased  permea- 
bility. 

The  electrical  effects  in  secreting  glands 
are  rather  more  complex,  because  of  the 
two  kinds  of  innervation  here  present, 
“ secretory  ” and  trophic,”  typified  by 
the  chorda  tympani  and  the  sympathetic 


Fig.  5.  Diagram  of  Electrical  State  of  Gland  Alveolus. 


in  the  dog.  The  result  of  stimulating  the 
former  is  in  some  way  connected  with  the 
flow  of  water  through  the  cell  as  a result 
of  increased  permeability  of  that  part  of 
it  which  is  in  relation  with  the  lumen  of 
the  duct,  as  we  shall  see  later.  The 
diagram  of  Figure  5 will  assist  in  making 
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clear  the  electrical  result  of  this  process. 
The  direction  of  the  excitatory  change  is 
in  the  opposite  direction  to  that  of  muscle. 
Anrep  and  Daly  have  recently  demons- 
trated a similar  effect  in  the  pancreas 
excited  by  secretin  (Figure  6). 

The  effect  of  stimulating  the  sympathetic 
supply  to  the  sub-maxillary  gland  in  the 
dog  is  very  small  and  in  the  opposite 
direction  to  that  of  the  chorda.  It  seems 
to  be  connected  in  some  way  with  the  solid 
contents  of  the  secretion. 
j§  It  may  be  mentioned  that  scarcely  any 
advance  has  been  made  in  our  knowledge 
of  the  electrical  changes  in  glands  since 
the  work  of  Bradford  and  the  present 
writer  in  1885.  It  is  now  time  for  a 
renewed  attack  from  the  point  of  view  of 
modern  knowledge  of  electrical  phenomena. 


Fig.  6.  Electrical  Change  in  Pancreas  (Anrep  and  Paly) 

Three  injections  of  secretin,  2,  4 and  8 c.c.  as  marked  below.  Broken  curve — 
galvanometer  deflection.  Plain  curve — flow  of  secretion.  Each  interruption  on 
the  electrical  curve  corresponds  to  25  secs.  The  small  waves  on  the  electrical 

curve  are  due  to  intestinal  movements. 


CHAPTER  IX 


PROTOPLASM 

FROM  consideration  of  the  cell- 
membrane  we  may  turn  naturally 
to  that  of  the  contents  of  the  cell. 
Protoplasm  in  its  simplest  form,  as  in  the 
pseudopodia  of  the  amoeba  appears  to  be 
of  a liquid  nature.  Chambers  found  that 
it  opposed  no  appreciable  resistance  to  the 
drawing  of  a needle  through  it,  and  the 
needle  left  no  track  behind.  But  even 
this  apparently  clear  and  structureless 
substance  is  in  reality  colloidal  in  nature, 
as  I was  able  to  show  by  intense  dark 
ground  illumination,  when  we  see  innumer- 
able minute  shining  particles  in  Brownian 
movements.  The  presence  of  this  move- 
ment confirms  the  view  of  the  liquid 
nature  of  the  system,  because  otherwise  the 
particles  would  not  be  free  to  move. 
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Viscosity  and  Gelation 

On  electrical  stimulation,  I noticed  that 
the  Brownian  movement  above  mentioned 
ceased  suddenly  for  a brief  period.  Hence 
the  liquid  state  of  the  protoplasm  had 
changed  to  one  similar  to  that  of  a jelly. 
Seifriz,  Chambers  and  others  observed 
increased  viscosity  in  the  protoplasm  of 
cells  in  activity,  in  fertilization,  mitosis, 
etc.  In  plant  cells,  this  can  be  detected 
by  an  increase  in  the  time  taken  for  grains 
to  fall  through  the  cell  when  inverted  in 
position.  The  changes  referred  to  seem  to 
be  due  to  a removal  of  water  by  the 
dispersed  phase,  or  other  structure,  and  the 
resulting  increased  concentration  of  the 
system  as  a whole.  This  phenomenon  has 
already  been  mentioned  in  connexion 
with  the  synthetic  action  of  intra-cellular 
enzymes. 

If  we  may  look  upon  this  increased 
viscosity  or  gelation  as  a sign  of  activity, 
it  is  of  interest  to  call  attention  to  the  fact 
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that  the  protoplasm  of  pseudopodia  is 
liquid.  This  suggests  that  these  protrusions 
are  not  produced  by  cell  activity  but  by 
surface  changes  due  to  arrival  of  substances 
in  the  outer  medium  which  lower  surface 
tension.  The  question  is  still  under 
discussion. 


Fixation  in  Histology 

The  various  fixing  agents  produce  coagu- 
lation structures  of  manifold  forms  in  the 
colloidal  system  of  protoplasm,  such  as 
networks,  fibrillae,  granules  and  so  on. 
Hardy  has  given  a detailed  description  of 
these,  but  his  work  has  been  strangely 
neglected  by  histologists,  who  frequently 
fail  to  realize  how  many  of  the  structures 
they  describe  are  not  present  while  the  cell 
is  alive.  Much  more  work  is  needed  on 
the  living  cell,  and  I would  especially  state 
my  appreciation  of  that  done  by  Chambers 
in  micro-dissection  and  manipulation  and 
of  that  of  the  Lewis’  on  tissue  culture. 

It  would  seem  that  the  appearance  of 
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networks  in  living  protoplasm  as  described 
by  some  observers  is  due  in  the  main  to 
faulty  methods  of  illumination,  leading  to 
diffraction  images.  It  is  easy  to  obtain 
what  look  like  definite  structures  from  a 
mere  accumulation  of  dots.  Mott  and 
Marinesco,  independently,  made  examina- 
tion of  living  nerve  cells  under  dark  ground 
illumination  and  came  to  the  conclusion 
that  both  Nissl  granules  and  neuro-fibrils 
are  the  products  of  fixing  agents.  The 
contents  of  the  living  cell  which  become 
coagulated  into  these  structures  are  present 
as  minute  particles  with  a vigorous 
Brownian  movement.  Hence  the  proto- 
plasm here  as  elsewhere  is  a liquid  colloidal 
solution. 

We  have  seen  above  that  the  production 
of  pseudopodia  is  in  intimate  relation  to 
local  changes  of  surface  tension.  It  is 
clear  that  the  greater  tension  over  the 
main  body  of  a cell  would  cause  protrusion 
of  a part  where  it  is  less  in  magnitude. 
Whether  there  may  be,  in  addition  to  this, 
something  more  like  muscular  contraction 
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in  a layer  of  visible  thickness  is  not  yet 
certain.  When  a cell  is  in  contact  with  a 
solid  surface,  the  forces  of  surface  tension 
at  the  different  interfaces  must  be  con- 
sidered. The  usual  result  is  to  tend  to 
draw  out  the  protoplasm  in  a thin  layer. 
The  adhesion  of  protoplasm  to  a surface 
wetted  by  it  is  also  an  important  factor. 
These  various  phenomena  have  been  inves- 
tigated in  detail  by  Tait. 

The  clotting  of  blood  by  the  agency  of 
surface  forces  where  it  is  in  contact  with 
material  wetted  by  it,  and  the  retardation 
of  the  process  by  coating  canulae  and  so  on 
with  a “ greasy  ” layer  of  paraffin  or 
vaseline  are  familiar  facts. 


The  Rdle  of  Structure 

But,  as  it  is  scarcely  necessary  to  remark, 
the  protoplasm  of  the  cell  as  a whole  is  a 
much  more  complex  system  than  that  of 
the  clear  pseudopodia.  It  is  really  an 
extraordinarily  interdependent  heteroge- 
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neous  system  of  many  phases,  solid  and 
liquid,  separated  by  membranes,  of  whose 
intimate  arrangement  very  little  is  known. 
Nevertheless,  there  are  numerous  experi- 
mental results  that  show  how  important 
this  structure  is,  as  it  exists  in  the  living 
state. 

In  general,  it  is  by  its  agency  that  the 
chemical  energy  of  food  is  changed  to  other 
forms  of  energy,  mechanical,  electrical  and 
so  on.  It  may  be  noted  that  it  is  this 
process  of  conversion  of  energy  that  con- 
stitutes what  we  call  vital  phenomena,  and 
one  of  the  characteristics  of  living  organiza- 
tions is  that  the  mechanism  is  such  as  to 
avoid  as  far  as  possible  the  loss  involved 
in  the  intermediate  passage  through  heat. 
There  is  a direct  conversion  of  chemical  or 
radiant  energy  into  other  useful  forms. 
This  is  not,  of  course,  peculiar  to  the  living 
body,  and  is  not  to  be  looked  upon  as  in 
any  sense  a reversal  of  the  second  law  of 
thermodynamics,  as  seems  to  be  suggested 
by  some  writers.  There  is  no  increase  in 
free  energy,  merely  less  loss  than  might 
have  occurred. 
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The  part  played  by  the  structure  of  the 
cell  may  be  pictured  somewhat  as  follows. 
If  we  imagine  that  a petrol  motor  is  broken 
to  pieces,  the  parts  mixed  with  the  com- 
bustible fuel  and  then  ignited,  nothing  but 
heat  is  obtained.  Whereas  if  the  fuel  is 
burned  in  relation  with  certain  parts  of 
the  machine  as  a connected  whole,  a large 
part  of  the  chemical  energy  is  converted 
into  useful  mechanical  work. 

In  the  cell,  also,  the  most  striking  facts 
that  have  come  to  light  concern  oxidation 
processes.  Rubbing  up  muscle  tissue  with 
sand  destroys  its  power  of  oxidizing  lactic 
acid  (Fletcher  and  Hopkins,  Harden).  A 
similar  procedure  greatly  reduces  the  fer- 
mentative power  of  yeast  cells  (Warburg, 
Meyerhof) . 

The  structure  here  in  question  is  more 
subtle  then  than  that  shown  by  the  micro- 
scope. If  the  cell  is  killed  by  the  action 
of  acetone,  the  microscopic  structure  is 
well  preserved,  whereas  the  consumption 
of  oxygen  is  reduced  to  one-third.  That 
it  is  not  entirely  stopped  is  in  itself  a 


162  INTERFACES  IN  PHYSIOLOGY 


point  of  interest,  but  of  course  this  residual 
process  comes  to  an  end  after  a time. 

Otto  Warburg  regards  surface  condensa- 
tion on  structural  units  (adsorption)  as  the 
main  factor,  but  it  is  probable  that  ultra- 
microscopic  reaction  chambers,  bounded  by 
reversible  semi-permeable  membranes,  also 
play  a part.  This  investigator  makes  the 
interesting  suggestion  that  the  consumption 
of  energy  by  cells  apparently  inert  is 
required  to  maintain  “ structure  ” against 
diffusion  gradients,  potential  differences, 
loss  of  semi-permeability  and  so  on.  Some- 
thing of  the  same  kind  is  doubtless 
concerned  in  the  comparatively  large 
consumption  of  oxygen  in  mitosis  and  in 
the  multiplication  of  cell  substance. 


Effects  of  Freezing 

If  a solution  is  slowly  cooled  down  to 
the  temperature  at  which  it  begins  to 
freeze,  it  is  well  known  that  the  ice  which 
separates  is  pure  solidified  water.  The 
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solutes,  colloidal  or  otherwise,  are  thus 
left  in  a more  concentrated  form.  If, 
however,  it  be  cooled  rapidly  to  a much 
lower  temperature,  namely,  that  at  which 
the  saturated  solution  freezes,  the  whole 
solidifies  together  of  a uniform  composition. 
There  is  no  separation  of  pure  ice.  This 
temperature  at  and  below  which  the  solvents 
and  solutes  freeze  together  may  be  called 
the  “ eutectic  ” temperature,  as  it  is  essen- 
tially the  same  phenomenon  as  that  known 
by  this  name  in  the  case  of  metallic  alloys. 

The  process  applied  to  living  cells  has 
shown  that  if  the  eutectic  temperature  is 
reached  sufficiently  quickly,  no  disorganiza- 
tion of  the  cell  occurs.  On  thawing,  it 
resumes  its  normal  activity.  If,  on  the 
contrary,  pure  ice  is  allowed  to  separate, 
owing  to  slow  cooling,  the  cell  structure 
is  destroyed  and  no  recovery  is  possible. 
The  practical  difficulty  is  to  ensure  a 
sufficiently  rapid  cooling  of  the  interior 
cells  in  an  organism  of  other  than  very 
small  size.  Kuhne  froze  the  staminal  hair 
cells  of  Tradescantia  at  - 140  C.  and  found 


164  INTERFACES  IN  PHYSIOLOGY 


protoplasmic  movement  to  return  on  thaw- 
ing. Miss  Foster  succeeded  in  retaining 
electrical  excitability  in  frog's  muscle  and 
Rahm  has  frozen  rotifers  in  liquid  helium 
with  ultimate  recovery. 

Altmann  has  applied  the  process  to  the 
desiccation  of  tissues  in  preparation  for 
the  cutting  of  sections.  I have  myself 
confirmed  the  possibility  of  doing  this,  but 
the  difficulty  arises  in  the  subsequent 
treatment  of  the  sections  to  remove  the 
paraffin  in  which  they  were  imbedded. 
They  fly  to  pieces  in  any  watery  medium. 
It  is  probable  that  they  must  be  gradually 
brought  back  to  their  normal  content  in 
water  by  exposing  them  to  water  vapour 
at  a low  temperature  and  slowly  bringing 
up  to  room  temperature.  This  seems  worth 
trial. 

Another  application  of  the  facts  is  a 
commercial  one,  namely,  the  brine-freezing 
process  of  preserving  fish  and  meat.  The 
frozen  material  regains  its  normal  structure 
on  thawing,  so  that  the  contents  of  the 
cells  do  not  ooze  out  and  in  other  respects 
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the  preservation  is  more  perfect  than  in 
the  ordinary  slow  freezing. 

The  freezing  point  of  protoplasm,  that 
is,  the  temperature  at  which  ice  begins  to 
separate  on  slow  cooling,  is  about  - 2°  C. 
Nevertheless  it  is  found  that  a particular 
mould  (“  black  spot  ”)  grows  on  meat  in 
cold  storage  at  - 70  C.  It  is  clear  that  the 
protoplasm  cannot  be  in  a frozen  state, 
and  the  explanation  is  probably  that  it  is 
contained  in  narrow  capillary  tubes  of 
mycelium  and  that  surface  forces  of  cohesion 
by  their  pressure  effect  lower  the  freezing 
point  to  a sufficient  degree. 


Tissue  Culture  in  Vitro 

Work  of  much  importance  is  in  progress 
at  the  present  time  and  in  various  places 
based  on  Ross  Harrison’s  discovery  that 
tissues  can  be  cultivated  in  glass  cells  under 
the  microscope.  The  use  of  the  animal’s 
own  plasma  has  been  found  to  be 
unnecessary,  and  the  Lewis’  have  even 
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succeeded  in  growing  tissues  in  Ringer's 
solution.  To  avoid  vacuolation  of  the  new 
cells,  it  was  found  that  glucose  is  necessary, 
even  in  the  presence  of  protein. 

The  cells  in  the  centre  of  the  transplanted 
bit  of  tissue  usually  degenerate  and  die, 
probably  from  deficiency  of  oxygen,  and 
their  constituents  presumably  serve  as  food 
for  the  new  outgrowth.  When  the  tissue 
is  a pure  one,  unmixed  with  cells  of  a 
different  nature,  the  new  ceils  tend  more 
and  more  to  become  of  an  embryonic  type, 
a process  called  by  Champy  “ de-differentia- 


Influence  of  One  Tissue  on  Another 

This  de-differentiation  does  not  occur  if 
cells  of  another  kind  are  present.  Thus, 
the  co-existence  of  connective  tissue  enables 
renal  tubules  to  grow  out  normally  ; retinal 
cells  require  the  presence  of  pigment  cells, 
etc. 

There  is  evidence  that  the  effect  is  only 
exerted  in  immediate  proximity  to  the 
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cell  from  which  it  proceeds.  If  a cell 
wanders  away  from  the  parent  mass,  it 
loses  its  differentiated  structure  or  the  cells 
it  produces  are  simple  embryonic  ones.  If 
this  is  so,  it  is  difficult  to  attribute  the 
effect  to  specific  chemical  products.  At 
present  it  is  only  possible  to  speak  of  it  as 
an  “ influence  ” of  some  kind. 

Indeed,  specific  or  individual  properties 
remain  for  the  most  part  unexplained  as 
yet,  although  Dudley  has  made  some 
advance  in  the  study  of  proteins  by  the 
method  of  “ recemization.”  In  this  case, 
there  is  great  variety  in  the  possible  pattern 
or  order  of  arrangement  of  the  amino-acid 
constituents. 


CHAPTER  X 


MUSCLE,  NERVE  AND  GLAND 
Muscular  Contraction 

t I ^HE  work  of  A.  V.  Hill  has  shown 
I that  the  energy  set  free  in  a 
muscular  contraction  is  propor- 
tional to  the  length  of  the  muscle  fibres 
at  the  time  of  their  beginning  activity. 
The  longer  a particular  muscle  is,  the 
greater  is  the  energy  produced.  Stretching 
a muscle  does  not  increase  its  volume,  but 
it  increases  the  length  and  with  that  the 
area  of  surface  of  some  structures  arranged 
lengthwise.  The  source  of  the  energy  is 
therefore  from  surface  forces  rather  than 
from  osmotic  forces.  Thus,  the  surface 
tension  theory  of  Bernstein  is  favoured. 
This  view  is  also  supported  by  the  fact 
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that  the  development  of  energy  has  a 
negative  temperature  coefficient,  like  other 
phenomena  dependent  on  surface  tension. 
The  energy  of  a contraction  is  less  at  30°  C. 
than  at  150  C. 

In  a classical  paper  published  in  1909, 
Haber  and  Klemensiewicz  put  forward  the 
view  that  such  a surface  tension  change 
might  be  produced  by  adsorption  of  hydro- 
gen-ions on  the  fibrillae  of  the  muscle  cells. 
These  ions,  of  course,  arise  from  the  lactic 
acid,  known  to  be  formed. 

I may  remark,  incidentally,  that  the 
title  of  my  lectures  is  a translation  of  Haber 
and  Klemensiewicz,  “ Phasengrenzkr&fte.” 

If  it  is  the  hydrogen-ion  that  is  the  neces- 
sary agent  in  the  contraction  of  muscle,  a 
certain  difficulty  is  removed  with  regard  to 
the  supposed  consumption  of  fat  by  muscle 
in  place  of  carbohydrate.  This  remains  a 
disputed  question.  It  is  perhaps  of  interest, 
however,  to  note  the  presence  of  hydroxy- 
butyric  acid  in  diabetes,  which  might 
conceivably  replace  lactic  acid,  so  far  as 
the  formation  of  hydrogen-ions  is  concerned. 
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In  diabetes,  hydroxy-butyric  acid  is  formed 
in  the  defective  oxidation  of  fat  and  might 
occur  in  muscle.  At  the  same  time,  it  is 
suggestive  that  even  when  no  carbohydrate 
is  taken  in  the  food,  the  body  makes 
glucose  from  amino-acids,  and  this  may  be 
essential  for  the  muscular  process.  Deter- 
minations of  the  lactic  acid  content  of 
muscles  in  diabetes  would  be  of  interest. 

In  accordance  with  the  considerations 
brought  forward  in  the  preceding  chapter, 
we  find  that  the  efficiency  of  the  muscular 
machine  in  the  engineer’s  sense  is  too  great 
to  be  that  of  any  possible  heat  engine  at 
temperatures  compatible  with  life.  Thus 
chemical  energy  must  be  converted  into 
mechanical  work  without  passing  through 
heat. 


The  “ Law  of  the  Heart  ” 

Starling  has  introduced  this  name  to 
express  the  application  of  the  dependence 
of  work  done  on  initial  length  to  the 
phenomena  of  the  output  of  the  heart. 
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It  is  found  that  all  these  follow  from  the 
results  of  changes  in  diastolic  filling  of  the 
ventricles,  that  is,  from  the  varying  lengths 
of  the  muscle  fibres  at  the  moment  of 
systole.  It  is  naturally  a difficult  matter 
to  distinguish  the  effects  due  to  tension 
from  those  due  to  length,  but  in  certain 
experiments  by  Patterson  and  Starling, 
these  two  factors  were  found  independent 
and  the  output  was  a function  of  the 
length,  not  of  the  tension. 


Tonus  and  Posture 

It  is  clear  that  if  it  is  the  presence  of  the 
hydrogen  ions  on  the  fibrils  that  cause 
contraction,  this  state  will  last  until  the 
lactic  acid  is  removed  in  some  way,  a 
process  that  may  be  expected  to  require 
the  supply  of  energy.  A.  V.  Hill  has 
recently  found,  indeed,  by  the  aid  of  exact 
analysis  of  the  time  course  of  the  production 
of  heat,  that  there  is  a secondary  rise 
occurring  in  the  relaxation  period,  but 
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preceding  that  associated  with  the  oxidation 
process  which  restores  the  original  potential 
energy  to  the  system. 

The  existence  of  this  special  process, 
whose  object  it  is  to  remove  the  acid, 
tempts  me  to  recall  the  suggestion  that  I 
made  in  another  place,  namely,  that  the 
remarkable  phenomenon  of  tonus,  in  which 
there  is  no  consumption  of  energy,  or  only 
a minimal  one,  might  be  due  to  the  absence 
of  or  the  failure  to  put  into  action  this 
mechanism  for  removing  acid.  There  are 
various  facts  which  support  this  view,  but 
further  investigation  is  needed  and  dis- 
cussion would  be  premature. 

The  view  of  Botazzi,  that  tonus  is  due 
to  contraction  of  sarcoplasm,  does  not 
seem  to  me  to  be  satisfactory.  But  it  is 
not  a simple  problem  for  experimental  test. 


The  Nerve  Synapse 

It  is  to  be  expected  that  in  common 
with  other  cells  of  the  organism  those  of 
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the  nervous  system,  the  neurones,  should 
possess  a semi-permeable  membrane.  Where 
two  neurones  come  into  contact  with  one 
another,  or  rather  where  the  ramifications 
of  the  axon  of  one  come  into  contact  with 
the  dendrites  of  the  other,  there  will  be  a 
semi-permeable  membrane.  Sherrington 
has  given  the  name  of  “ synaptic  mem- 
brane ” to  this  structure  and  has  called 
attention  to  the  opportunities  it  gives  for 
the  interchange  of  ions  in  a definite  manner, 
for  the  establishment  of  electrical  poten- 
tials and  osmotic  phenomena  of  various 
kinds. 

It  doubtless  plays  a part  in  the  trans- 
mission of  the  excitation  process  from  one 
neurone  to  another.  The  possibility  of  the 
membrane  becoming  permeable  in  excita- 
tion, as  previously  described,  suggests  in 
a general  way  the  method  by  which  the 
electrical  disturbance  in  a nerve  fibre  may 
set  free  energy  in  the  cell  body,  or  centron, 
of  another  neurone,  by  which  the  impulse 
is  enabled  to  pass  on  into  particular 
channels. 
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Excitation  and  Inhibition 

Since  these  two  processes  are  opposite 
in  nature,  they  differ  essentially  merely  in 
the  fact  that  whatever  phenomenon  takes 
place  in  the  one,  it  may  be  assumed  that 
the  contrary  one  takes  place  in  the 
other. 

In  the  process  of  reciprocal  innervation 
in  reflexes,  for  example,  it  appears  that 
one  and  the  same  afferent  nerve  fibre 
branches  and  terminates  in  two  different 
ways  on  the  motor  centres  of  antagonistic 
groups  of  muscles,  flexors  and  extensors, 
for  instance.  The  identical  nerve  impulse 
thus  excites  one  set  of  neurones,  inhibits 
the  activity  of  the  other  set,  owing  to  the 
different  manner  of  terminating,  or  to  be 
more  precise,  owing  to  the  different  nature 
of  the  synaptic  membrane  in  the  two  cases. 

Although  it  may  be  at  the  present  time 
too  hypothetical  to  say  more,  it  is  tempting, 
in  view  of  the  two  kinds  of  polarized 
permeability,  about  which  we  have  spoken 


Fig.  7.  Inhibitory  Action  of  Anode  (Biedermann) 

Sartorius  muscle  fixed  in  the  middle,  so  that  each  half 
contracts  in  opposite  direction.  At  A K,  muscle  stimulated 
after  action  of  veratrin.  At  5,  application  of  galvanic  current, 
anode  on  that  half  giving  upper  tracing.  o,  break  of  current. 
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above,  namely,  one  for  anions  only,  the 
other  for  cations  only,  to  suppose  that  one 
of  these  is  inhibitory,  the  other  excitatory. 
The  opposite  sign  of  charge,  together  with 
the  electrical  nature  of  the  nerve  impulse 
and  the  fact  that  the  action  of  the  anode 
of  a constant  current  applied  to  nerve  or 
muscle  is  inhibitory  (Fig.  7),  while  that  of 
the  cathode  is  excitatory,  lend  some  support 
to  such  a view. 


Secretion  in  General 

In  our  previous  discussion  of  the  electrical 
changes  in  secreting  glands,  we  saw  that 
an  explanation  of  the  potential  difference 
associated  with  the  flow  of  water  is  possible 
on  the  lines  of  an  increased  permeability 
of  that  part  of  the  cell  in  relation  with  the 
lumen  of  the  alveolus.  It  may  be  profitable 
to  devote  a few  lines  to  the  application  of 
the  theory  to  the  secretory  process  as  a 
whole.  Space  does  not  permit  a complete 
discussion  of  the  facts  which  afford  evidence 


176  INTERFACES  IN  PHYSIOLOGY 


for  the  following  statements,  but  it  may  be 
understood  that  it  exists. 

While  a gland  is  at  rest  after  a preceding 
period  of  activity,  there  takes  place  an 
accumulation  of  some  precursor  of  the 
specific  constituents  of  the  secretion.  This 
appears  to  be  a complex  system  of  large 
molecular  dimensions,  and  to  produce  it  in 
the  cells  a supply  of  energy  is  required. 
This  energy  is  obtained  from  the  oxidation 
of  glucose.  In  certain  glands,  we  see  this 
precursor,  or  one  of  them,  in  the  form  of 
visible  “ zymogen  ” granules.  The  process 
described  proceeds  without  the  necessity  of 
nervous  stimulation  and  has  the  character 
of  a balanced  chemical  reaction  proceeding 
to  equilibrium  automatically. 

When  the  gland  is  set  into  activity  by 
stimulation  of  the  nerve  supplying  it,  the 
precursor  in  question  is  partly  split  up 
into  smaller  molecules.  Thus  the  osmotic 
pressure  in  the  cell  rises,  it  attracts  water 
from  the  lymph,  while  at  the  same  time 
the  duct  end  of  the  cell  becomes  permeable. 
Thus  the  water  escapes,  carrying  with  it 
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cell  contents.  The  process  continues  as 
long  as  the  osmotic  pressure  of  the  cell 
contents  is  higher  than  that  of  the  lymph. 

Some  idea  of  the  mechanism  at  work 
may  be  obtained  by  considering  a vertical 
tube,  open  at  the  top,  closed  with  a semi- 
permeable  membrane  at  the  bottom,  filled 
with  sugar  solution  and  standing  with  its 
lower  end  immersed  in  water.  Water  enters 
by  osmosis  at  the  lower  end  and  a solution 
of  sugar  escapes  at  the  top  to  make  room 
for  the  water.  A completely  permeable 
membrane  may  be  tied  over  the  top  and 
the  tube  completely  immersed  in  water. 
If  a solution  of  Congo-red  be  used  in  place 
of  sugar,  the  dye  can  be  seen  to  escape 
from  the  permeable  end  ; and  by  renewal 
of  the  outer  water  the  whole  of  the  dye  can 
be  washed  out  in  process  of  time. 

In  the  case  of  the  secreting  cell,  it  appears 
that  the  actual  process  of  secretion  is  not 
itself  accompanied  by  consumption  of 
oxygen.  Thus,  in  its  main  features,  it  is 
strikingly  similar  to  the  mechanism  of  the 
muscle  system. 


178  INTERFACES  IN  PHYSIOLOGY 


Formation  of  Lymph  and  of  Urine 

It  is  very  doubtful  whether  any  true 
secretory  process  occurs  in  these  cases. 
The  first  stage  in  the  formation  of  urine 
is  shown  by  overwhelming  evidence  to  be 
a process  of  filtration,  or  ultra-filtration, 
by  the  membrane  of  the  blood-vessels 
forming  the  glomeruli  of  the  kidney.  Like 
the  walls  of  the  capillaries  in  other  parts 
of  the  body,  this  membrane  is,  as  regards 
permeability,  similar  to  parchment-paper 
or  collodion  ; that  is,  permeable  to  sub- 
stances in  true  solution,  impermeable  to 
colloids.  This  being  so,  any  osmotic  pres- 
sure possessed  by  the  colloids  of  the  blood 
plasma  must  show  itself  by  attracting  water 
and,  unless  opposed  by  a greater  filtration 
pressure,  no  liquid  will  pass  outwards. 
Starling  showed  that  these  colloids  have  an 
osmotic  pressure,  as  measured  against  the 
filtrate  from  which  they  were  removed,  of 
35  mm.  to  40  mm.  of  mercury.  Hence, 
unless  the  arterial  pressure  in  the  glomerulu, 
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which  is  that  in  the  small  arterioles  of  the 
general  circulation,  exceeds  this  value, 
there  will  be  no  urine  from  the  kidney  and 
no  lymph  in  other  parts  of  the  body.  This 
is  in  accordance  with  fact.  It  will  be 
noted  that  the  energy  necessary  to  do  the 
vvork  against  osmotic  forces  is  afforded  by 
the  blood  pressure  produced  in  the  arteries 
by  the  contracting  muscle  of  the  heart. 

The  further  fate  of  the  filtrate  in  the 
two  cases  differs.  Let  us  consider  that  of 
the  lymph  first.  As  the  blood  pursues  its 
course  from  the  small  arterioles  through 
the  capillary  network,  the  pressure  in  the 
vessels  soon  falls  below  that  necessary  for 
filtration  and  further  on  becomes  lower 
than  the  osmotic  pressure  of  the  blood 
colloids.  At  this  situation,  the  liquid 
previously  filtered  through  is  therefore 
more  or  less  reabsorbed.  What  is  left 
unabsorbed  passes  away  in  the  lymphatic 
channels  to  be  returned  to  the  blood  via 
the  thoracic  duct. 

Next,  suppose  that  the  blood  is  diluted 
by  the  addition  of  a solution  which  contains 
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no  colloids  with  an  osmotic  pressure,  as  by 
an  intravenous  injection  of  saline.  It  is 
clear  that  the  concentration,  and  therefore 
the  osmotic  pressure,  of  the  blood  colloids 
is  reduced.  The  pressure  available  for 
filtration,  that  is,  the  difference  between 
the  osmotic  pressure  of  the  blood  colloids 
and  the  arterial  pressure,  is  increased.  The 
rate  of  filtration  rises,  and  in  the  case  of  the 
capillary  circulation,  the  length  of  the  path 
traversed  before  reabsorption  begins 
increases.  Hence  the  liquid  introduced 
leaves  the  circulation  rapidly,  actually  in 
twenty  to  thirty  minutes.  Thus,  if  we 
want  to  produce  a permanent  increase  in 
the  volume  of  the  blood  circulating,  as  after 
haemorrhage  or  in  wound-shock,  we  must 
add  a colloid  with  an  osmotic  pressure 
equal  to  that  of  the  colloids  in  the  blood. 
In  the  so-called  “ gum-saline,”  which  was 
introduced  by  me  during  the  late  war, 
this  is  done  by  the  addition  of  6 or  7 per 
cent,  gum  acacia  to  0-9  per  cent,  saline. 

It  will  further  be  evident  that  if  the  capil- 
laries lose  their  impermeability  to  colloids, 
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as  happens  in  late  stages  of  wound-shock, 
the  normal  mechanism  is  put  out  of  action, 
so  that  there  is  no  longer  any  force  resist- 
ing filtration  of  plasma,  including  its 
colloids.  The  blood  becomes  concentrated 
as  regards  corpuscles,  while  any  fluid 
introduced,  blood  or  gum-saline,  escapes. 
There  is  evidence,  however,  that  the  normal 
state  of  the  capillaries  can  be  restored  by 
repeated  small  injections,  provided  that 
the  morbid  state  is  not  too  severe  or  has  not 
lasted  too  long. 

It  will  be  realized  that  in  the  process  of 
filtration  from  plasma  as  described  above, 
all  the  diffusible  constituents,  those  in 
true  solution,  pass  out  with  the  water. 
Now  these  are  of  two  kinds,  the  valuable 
material,  such  as  amino-acids  and  glucose 
for  food  and  certain  necessary  salts,  such 
as  sodium  chloride,  on  the  one  hand ; 
the  waste  products,  typified  by  urea,  on 
the  other.  The  escape  of  useful  materials 
does  not  matter  in  the  case  of  the  lymph, 
since  they  are  returned  to  the  circulation. 
It  is,  moreover,  necessary  that  the  blood 
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vessels  should  be  permeable  to  them  in 
order  that  they  may  reach  the  body  cell. 
But  they  must  not  be  lost  to  the  organism 
in  the  urine  to  any  greater  extent  than  can 
be  avoided.  We  find,  accordingly,  in  the 
renal  tubules,  a mechanism  of  an  opposite 
direction  to  that  of  secretion,  by  which 
water  containing  the  valuable  materials  is 
reabsorbed  while  the  excretory  products 
are  allowed  to  pass  away.  Further  details 
would  be  out  of  place  here,  but  it  may  be 
noted  that  it  is  held  by  some  that  certain 
cells  of  the  tubules  have  the  power  of  ex- 
cretion as  regards  urea,  uric  acid,  etc.  The 
evidence  for  this  is  not  strong,  and  the 
simpler  theory,  as  propounded  by  Cushny, 
is  capable  of  accounting  for  all  the  facts. 


The  Action  of  Drugs 

The  possibility  that  at  all  events  some 
substances  exert  their  physiological  or  phar- 
macological effects  by  action  on  the  cell- 
membrane  without  entering  the  cell  itself 
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must  be  reckoned  with.  Straub  has 
brought  evidence  of  this  kind  as  regards 
calcium  and  strophanthin.  The  case  of 
sodium  hydroxide  has  been  mentioned 
above. 

The  remarkable  effect  of  strychnine  in 
so  changing  the  synaptic  membrane  of 
neurones  that  an  inhibitory  process  is 
converted  into  an  excitatory  one,  as  dis- 
covered by  Sherrington,  and  the  converse 
effect  of  chloroform  in  converting  excita- 
tion into  inhibition,  described  by  the  author, 
may  be  referred  to  here.  One  may  hazard 
the  suggestion  that  changes  in  the  sign  of 
the  ionic  permeability  of  the  membrane 
may  be  concerned.  But  on  the  other  hand, 
there  is  the  alternative  view  that  the  results 
are  due  to  the  opening  or  closing  of  collateral 
paths  by  effects  on  the  permeability  of 
particular  neurones.  The  problem  is  not 
yet  solved. 

Matthews  regards  such  theories  of  adsorp- 
tion of  drugs  as  being  a step  backwards. 
But  Dale’s  work  has  shown  that  chemical 
combination  alone  is  inadequate  to  explain 
all  the  facts. 


CHAPTER  XI 


GENERAL  REMARKS 

CERTAIN  general  conclusions  may 
be  drawn  from  the  facts  to  which 
attention  has  been  directed  in  these 
lectures.  The  processes  of  muscular  con- 
traction and  of  secretion  especially  serve 
to  show  how  complex  is  the  intermingling 
of  chemical  and  physical  phenomena  in 
physiology.  It  is  indeed  difficult  or  impos- 
sible to  find  a scientific  justification  for 
the  separation  of  biochemistry  from  bio- 
physics. Such  specialization  runs  great 
risk  of  a one-sided  and  incomplete  view  of 
many  vital  phemonena. 

It  is  true  that  for  purposes  of  laboratory 
convenience  and  owing  to  the  different  kinds 
of  apparatus  required,  a biochemical  depart- 
ment is  desirable  in  a complete  institute  of 
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physiology.  Indeed,  even  if  certain  kinds 
of  investigation  can  be  adequately  carried 
out  in  an  independent  biochemical  institute, 
it  is  none  the  less  true  that  no  physiological 
laboratory  can  avoid  the  necessity  of  its 
own  chemical  department.  In  a similar 
way,  appliances  for  biophysical  work  are 
often  required  in  a biochemical  institute. 
If  the  departments  are  spatially  separate, 
a close  co-operation  must  be  provided  for, 
and  the  best  arrangement  is  undoubtedly 
where  they  form  parts  of  a common  physio- 
logical unit. 

A biochemist  indeed  must  be  something 
more  than  an  organic  chemist  occupied  with 
the  properties  of  compounds  which  happen 
to  be  provided  for  him  by  the  living 
organism.  A good  case  can  be  made  out 
for  the  separation  of  biochemistry  from  pure 
organic  chemistry,  contrary  to  what  is  the 
case  with  physiology. 

The  formation  of  separate  departments 
of  biochemistry  appears  to  have  been 
greatly  due  to  the  need  for  the  cultivation 
of  aspects  of  physiology  which  were  unpro- 
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vided  for  in  the  laboratories  attached  to 
medical  schools,  where  it  was  natural  to 
overlook  problems  not  obviously  connected 
with  human  physiology.  But  what  is 
really  wanted  is  the  establishment  of  more 
laboratories  and  chairs  of  pure  physiology, 
including  both  animals  and  plants — of 
general  physiology  in  its  widest  aspect. 
It  was  always  insisted  on  by  Claude 
Bernard  that  physiology  is  an  independent 
science,  to  be  cultivated  for  its  own  sake 
and  irrespective  of  ultimate  practical  appli- 
cation. And  even  as  regards  these,  it  must 
not  be  forgotten  that  they  include  many 
things  in  addition  to  providing  the  essential 
foundation  for  the  cure  of  disease.  The 
health  officer  requires  more  knowledge  of 
the  healthy  state,  that  is,  of  physiology, 
not  so  much  of  the  details  of  the  diseased 
state.  We  must  not  forget,  besides,  the 
needs  of  agriculture  and  indeed  of  all 
industries  occupied  with  living  organisms. 

I also  venture  to  hope  that  I have  made 
clear  the  importance  of  the  knowledge  of 
fundamental  principles,  even  to  the  student 
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of  medicine.  Given  these  principles,  it 
will  be  found  that  much  of  the  detail,  often 
learned  with  great  labour,  follows  naturally. 
The  same  statement  applies  to  the  practical 
clinical  applications.  As  it  appears  to 
me,  the  movement  in  some  quarters  to 
confine  the  physiology  taught  to  the  medical 
student  to  that  part  of  the  science  which  is 
at  the  moment  seen  to  be  of  immediate 
direct  application  to  clinical  practice  is  to 
be  regretted.  Apart  from  the  intellectual 
loss  involved,  it  is  never  possible  to  say 
what  may  not  prove  to  be  of  vital  import- 
ance at  no  distant  date.  Before  the  intro- 
duction of  electro-cardiographic  methods, 
the  phenomena  of  the  electrical  changes 
in  muscle  and  nerve  were  looked  upon  as 
very  " academic  ” physiology.  It  must  not 
be  overlooked,  moreover,  that  the  essentials 
of  this  knowledge  were  obtained  from 
experiments  on  the  frog,  which  the  student 
seems  inclined  to  despise.  If  time  is  too 
limited  to  master  fundamental  laws  as 
well  as  special  processes,  it  would  be  better 
to  omit  the  latter.  Opportunities  should  be 
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present  during  the  clinical  course  for  more 
detailed  attention  to  these,  and  the  move- 
ment for  continuation  of  physiological 
instruction  at  this  period  is  to  be  welcomed. 

It  is  to  be  regretted  that,  at  all  events  in 
England,  the  want  of  sufficient  preliminary 
training  in  general  science  puts  a difficulty 
in  the  way  of  the  physiological  teacher, 
who  has  to  devote  time  which  should  be 
available  for  his  proper  work  to  necessary 
chemical  and  physical  doctrine  which  ought 
to  have  been  acquired  previously. 
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RELATIVITY  AND  GRAVITATION.  By  various 

Writers.  Edited  by  J.  Malcolm  Bird.  Crown  8vo,  7s.  6d.  net. 

RELATIVITY  AND  THE  UNIVERSE.  By  Harry 

Schmidt.  Second  Edition.  Crown  8vo,  5s.  net. 

THE  IDEAS  OF  EINSTEIN'S  THEORY.  By  J.  H. 

Thirring,  Ph.D.  Second  Edition.  Crown  8vo,  5s.  net. 

Evans  (Lady).  LUSTRE  POTTERY.  With  24  Plates. 

Royal  Quarto,  £2  12s.  6d.  net. 

Fyleman  (Rose).  FAIRIES  AND  CHIMNEYS.  Four- 

teenth Edition.  Fcap.  8vo,  3s.  6d.  net. 

THE  FAIRY  GREEN.  Seventh  Edition.  Fcap.  8vo, 

3s.  6d.  net. 

THE  FAIRY  FLUTE.  Third  Edition.  Fcap.  8vo, 

3s.  6d.  net. 

THE  RAINBOW  CAT  AND  OTHER  STORIES. 

Fcap.  8vo,  3s.  6d.  net. 

Gibbins  (H.  de  B.).  THE  INDUSTRIAL  HISTORY  OF 

ENGLAND.  With  5 Maps  and  a Plan.  Twenty-seventh  Edition. 
Crown  8vo,  5s. 

Gibbon  (Edward) . THE  DECLINE  AND  FALL  OF  THE 

ROMAN  EMPIRE.  Edited,  with  Notes,  Appendices,  and  Maps,  by 
J.  B.  Bury.  Illustrated.  Seven  Volumes.  Demy  8vo,  each 
12s.  6d.  net.  Also  Seven  Volumes.  Unillustrated.  Crown  8vo, 
each  7s.  6d.  net. 
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Glover  (T.  R.).  THE  CONFLICT  OF  RELIGIONS  IN 

THE  EARLY  ROMAN  EMPIRE.  Ninth  Edition.  Demy  8vo, 
ios.  6d.  net. 

THE  CHRISTIAN  TRADITION  AND  ITS  VERIFICA- 

TION. Second  Edition.  Crown  8vo,  6s.  net. 

POETS  AND  PURITANS.  Second  Edition.  Demy 

8vo,  ios.  6d.  net. 

VIRGIL.  Fourth  Edition.  Demy  8vo,  ios.  6d.  net. 
FROM  PERICLES  TO  PHILIP.  Third  Edition.  Demy 

8vo,  ios.  6d.  net. 

Grahame  (Kenneth),  Author  of  “ The  Golden  Age.”  THE 

WIND  IN  THE  WILLOWS.  With  a Frontispiece  by  Graham 
Robertson.  Twelfth  Edition.  Crown  8vo,  7s.  6d.  net. 

Illustrated  Edition.  With  drawings  in  colour  and  line,  by  Nancy 
Barnhart.  Small  4to,  ios.  6d.  net. 

Hall  (H.  R.).  THE  ANCIENT  HISTORY  OF  THE 
NEAR  EAST  FROM  THE  EARLIEST  TIMES  TO  THE 
BATTLE  OF  SALAMIS.  Illustrated.  Fifth  Edition.  Demy 
8vo,  £i  is.  net. 

Herbert  (A.  P.).  THE  WHEREFORE  AND  THE  WHY. 

New  Rhymes  for  Old  Children.  Illustrated  by  George  Morrow. 
Fcap.  4to,  33.  6d.  net. 

“TINKER,  TAILOR...”  A Child’s  Guide  to  the 

Professions.  Illustrated  by  George  Morrow.  Fcap.  4to,  3s.  6d.net. 

LIGHT  ARTICLES  ONLY.  Illustrated  by  George 

Morrow.  Second  Edition.  Crown  8vo,  6s.  net. 

Holdsworth  (W.  S.).  A HISTORY  OF  ENGLISH  LAW. 

Vols.  1.,  11.,  hi.  Each  Second  Edition.  Demy  8vo,  each  £1  53.  net. 

Hutton  (Edward) — 

The  Cities  of  Umbria  ( Fifth  Edition)  ; The  Cities  of  Lom- 
bardy ; The  Cities  of  Romagna  and  the  Marches;  Florence 
and  Northern  Tuscany,  with  Genoa  (Third  Edition)  ; Siena 
and  Southern  Tuscany  ( Second  Edition ) ; Venice  an|>  Venetia  ; 
The  Cities  of  Spain  (Fifth  Edition) ; Naples  and  Southern 
Italy.  Illustrated.  Crown  8vo.  Each  8s.  6d.  net.  Rome  (Fourth 
Edition),  6s.  net. 

Inge  (W.  R.).  CHRISTIAN  MYSTICISM.  (The  Bamp- 

ton  Lectures  for  1899).  Fifth  Edition.  Crown  8vo,  7s.  6d.  net. 

Jenks  (E.).  A SHORT  HISTORY  OF  ENGLISH  LAW. 

Second  Edition.  Demy  8vo,  12s.  6d.  net. 

Julian  (Lady),  Anchoress  at  Norwich,  a.d.,  1373.  REVE- 
LATIONS OF  DIVINE  LOVE.  A Version  from  the  MS.  in  the 
British  Museum.  Edited  by  Grace  Warrack.  Seventh  Edition. 
Crown  8vo,  5s.  net. 

Kidd  (Benjamin).  THE  SCIENCE  OF  POWER.  Ninth 

Edition.  Crown  8vo,  7s.  6d.  net. 

SOCIAL  EVOLUTION.  A New  Ed.  Demy  8vo, 

8s.  6d.  net. 

A PHILOSOPHER  WITH  NATURE.  Second  Edition. 

Crown  8vo.  6s.  net. 

Kipling  (Rudyard).  BARRACK-ROOM  BALLADS. 

228th  Thousand.  Fifty-fifth  Edition.  Crown  8vo,  7s.  6d.  net.  Also 
Fcap.  8vo,  6s.  net ; leather  7s.  6d.  net.  Also  a Service  Edition.  Two 
Volumes,  Square  Fcap.  8vo.  Each  38.  net. 
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THE  SEVEN  SEAS.  i6is2  Thousand.  Thirty-fourth 

Edition.  Crown  8vo,  7s.  6d.  net.  Also  Fcap.  8vo.  6*.  net  ; leather, 
7*-  6d.  net.  Also  a Service  Edition.  Two  Volumes.  Square  Fcap, 
8vo.  Each  3s.  net. 

THE  FIVE  NATIONS.  12  gth  Thousand.  Twenly- 

ihifd  Edition.  Crown  8vo,  7s.  6d.  net.  Also  Fcap.  8vo,  6s.  net ; 
leather,  78.  6d.  net.  Also  a Service  Edition.  Two  volumes.  Square 
Feap.  8vo.  Each  38.  net. 

DEPARTMENTAL  DITTIES.  102 nd  Thousand.  Thirty- 

fourth  Edition.  Crown  8vo,  7s.  6d.  net.  Also  Fcap.  8vo,  6s.  net.  ; 
leather,  7s.  6d.  net.  Also  a Service  Edition.  Two  Volumes. 
Square  Fcap.  8vo.  Each  38.  net. 

THE  YEARS  BETWEEN.  95th  Thousand.  Crown 

8vo,  7s.  6d.  net.  Also  Fcap.  8vo,  6s.  net ; leather,  7s.  6d.  net.  Also 
a Service  Edition.  Two  Volumes.  Square  Fcap.  Svo.  Each  3s. 

net. 

TWENTY  POEMS  FROM  RUDYARD  KIPLING. 

Fcap.  Svo,  is.  net. 

A KIPLING  ANTHOLOGY-VERSE  : Selected  from 

the  Poetry  of  Rudyard  Kipung.  Third  Edition.  Fcap.  8vo,  6s. 
net.  Leather,  7s.  6d.  net. 

Lamb  (Charles  and  Mary).  THE  COMPLETE  WORKS. 

Edited  by  E.  V.  Lucas.  A New  and  Revised  Edition  in  Six  Volumes. 
With  Frontispiece.  Fcap.  8vo.  Each  6s.  net. 

The  Volumes  are  : — 

1.  Miscellaneous  Prose,  ii.  Elia  and  the  Last  Essays 
op  Elia.  iii.  Books  for  Children,  iv.  Plays  and  Poems. 
v.  and  xi.  Letters. 

Lankester  (Sir  Ray).  SCIENCE  FROM  AN  EASY 

CHAIR.  First  Series.  Illustrated.  Fifteenth  Edition.  Crown 
8vo,  7s.  6d.  net.  Also  Fcap.  Svo,  23.  net. 

SCIENCE  FROM  AN  EASY  CHAIR.  Second  Series. 

Illustrated  Third  Edition.  Crown  8vo,  7s.  6d.  net.  Atso  as  MORE 
SCIENCE  FROM  AN  EASY  CHAIR.  Fcap.  8vo,  2s.  net. 

DIVERSIONS  OF  A NATURALIST.  Illustrated. 

Third  Edition.  Crown  8vo,  7s.  6d.  net. 

SECRETS  OF  EARTH  AND  SEA.  Illustrated.  Crown 

8vo,  8s.  6d.  net. 

Lescarboura  (A.  C.).  RADIO  FOR  EVERYBODY. 

Edited  by  R.  L.  Smith-Rose,  M.Sc.  Illustrated.  Crown  8vo, 
7s.  6d.  net. 

Lodge  (Sir  Oliver)— 

Man  and  the  Universe,  Crown  Svo,  7s.  6d.  net  ; also  Fcap.  Svo, 
2s.  net  ; The  Survival  of  Man  ; A Study  in  Unrecognised  Human 
Faculty,  Crown  8vo,  7s.  6d.  net ; also  Fcap.  8vo,  2s.  net  ; Reason 
and  Belief,  2s.  net ; The  Substance  of  Faith,  as.  net : Raymond 
Revised,  6a.  neL 
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Lucas  (E.  V.) — 

The  Life  of  Charles  Lamb,  two  volumes,  Fcap.  Svo,  21s.  net; 
Edwin  Austin  Abbey,  R.A.,  2 vols.,  £6  6s.  net : Vermeer  of  Delft, 
Fcap.  4to,  10s.  6d.  net.  A Wanderer  in  Holland,  103.  6d.  net;  A 
Wanderer  in  London,  ios.  6d.  net ; London  Revisited,  ios.  6d.  net ; 
A Wanderer  in  Paris,  Crown  8vo,  ios.  6d.  net;  also  Fcap.  Svo,  69. 
act;  A Wanderer  in  Florence,  ios.  Sd.  net;  A Wanders* 
in  Venice,  ios.  6d.  net;  The  Open  Road:  A Little  Book  for 
Wayfarers,  Fcap.  8vo,  6s.  6d.  net  ; The  Friendly  Town  : A Little 
Book  for  the  Urbane,  6s.  net  ; Fireside  and  Sunshine,  6s.  net ; 
Character  and  Comedy,  6s.  net  ; The  Gentlest  Art  : A Choice 
of  Letters  by  Entertaining  Hands,  6s.  6d.  net  ; The  Second  Post, 
6s.  net  ; Her  Infinite  Variety  : A Feminine  Portrait  Gallery, 
6s.  net;  Good  Company  : A Rally  of  Men,  6s.  net  ; One  Day  and 
Another,  6s.  net ; Old  Lamps  for  New,  6s.  net ; Loiterer’s 
Harvest,  6s.  net ; Cloud  and  Silver,  6s.  net  ; A Boswell  of 
Baghdad  and  other  Essays,  6s.  net;  ’Twixt  Eagle  and  Dove, 
6s.  net  ; The  Phantom  Journal,  and  Other  Essays  and 
Diversions,  6s.  net;  Giving  and  Receiving,  6s.  net;  Specially 
Selected  : A Choice  of  Essays,  illustrated  by  G.  L.  Stampa, 
7s.  6d  net ; Urbanities,  illustrated  by  G.  L.  Stampa,  7s.  6d.  net ; 
You  Know  What  People  Are,  illustrated  by  George  Morrow, 
5s.  net;  The  British  School:  An  Anecdotal  Guide  to  the  British 
Painters  and  Paintings  in  the  National  Gallery,  6s.  net  : Roving 
East  and  Roving  West  : Notes  gathered  in  India,  Japan,  and 
America,  5s.  net. 

McDougall  (William).  AN  INTRODUCTION  TO 

SOCIAL  PSYCHOLOGY.  Seventeenth  Edition.  Cr.  8vo,  8s.  6d.  net. 

BODY  AND  MIND  : A History  and  A Defence  of 
Animism.  With  Diagrams.  Fifth  Edition.  Demy  8vo,  12s.  6d. 
net. 

Maeterlinck  (Maurice) 

The  Blue  Bird  : A Fairy  Play  in  Six  Acts,  63.  net  and  2s.  net. 
The  Betrothal,  Fcap,  6s.  net,  paper  3s.  6d.  net ; Mary 
Magdalene,  5s.  net  and  2s.  net  ; Death,  3s.  6d.  net  ; Our 
Eternity,  6s.  net ; The  Unknown  Guest,  6s.  net ; The  Wrack  of 
the  Storm,  6s.  net ; The  Miracle  of  Saint  Anthony  : A Play 
in  One  Act,  3s.  6d.  net  ; The  Burgomaster  of  Stilemonde  : A 
Play  in  Three  Acts,  5s.  net  ; Mountain  Paths,  6s.  net ; Tyltyl, 
Told  for  Children  (illustrated),  21s.  net.  (The  above  books  are 
Translated  by  A Teixeira  de  Mattos.)  Poems,  5s.  net.  (Done 
into  English  by  Bernard  Miall). 

THE  GREAT  SECRET.  (Translated  by  Bernard  Miall), 

78.  6d.  net. 

Methuen  (A.).  AN  ANTHOLOGY  OF  MODERN 

VERSE.  With  Introduction  by  Robert  Lynd.  Ninth  Edition. 
Fcap.  Svo,  6s.  net.  Thin  paper,  leather,  7s.  6d.  net. 

SHAKESPEARE  TO  HARDY : An  Anthology  of 

English  Lyrics.  Fcap.  8vo,  6s.  net.  Leather,  7s.  6d.  net. 

Milne  (A.  A.).  NOT  THAT  IT  MATTERS.  Third 

Edition.  Fcap.  8vo,  6s.  net. 

IF  I MAY.  Third  Edition.  Fcap.  Svo,  6s.  net. 

THE  SUNNY  SIDE.  Crown  8vo,  6s.  net. 

Norwood  (Gilbert).  GREEK  TRAGEDY.  Demy  8vo, 
las.  6d.  not. 
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Oxenham  (John).  Nine  Volumes  of  Poems.  Small  pott 

8vo,  is.  3d.  net  each  volume. 

Bees  in  Amber,  ss.  net.  All’s  Well  ; The  King’s  High 
Way;  The  Vision  Splendid;  The  Fiery  Cross;  Hearts 
Courageous;  High  Altars;  All  Clear!  Gentlemen — The 
King  ! 2s.  net. 

Petrie  (W.  M.  Flinders).  A HISTORY  OF  EGYPT. 

Illustrated.  Six  Volumes.  Crown  8vo,  each  9s.  net. 

1.  From  the  1st  to  XVIth  Dynasty.  Ninth  Edition.  (12s. 
net).  11.  The  XVIIth  and  XVIIIth  Dynasties.  Sixth 
Edition,  in.  XIXth  to  XXXth  Dynasties.  Second  Edition. 
iv.  Egypt  under  the  Ptolemaic  Dynasty.  J.  P.  Mahaffy. 
Second  Edition,  v.  Egypt  under  Roman  Rule.  J.  G.  Milne. 
Second  Edition,  vi.  Egypt  in  the  Middle  Ages.  Stanley 
Lane-Poole.  Second  Edition. 

Pollard  (A.  F.).  A SHORT  HISTORY  OF  THE  GREAT 

WAR.  With  19  Maps.  Second  Edition.  Crown  8vo,  10s.  6d.  net. 

Pollitt  (Arthur  W.).  THE  ENJOYMENT  OF  MUSIC. 

Crown  8vo,  5s.  net. 

Rees  (J.  F.).  A SOCIAL  AND  INDUSTRIAL  HISTORY 

OF  ENGLAND.  1815-191S.  Crown  8vo,  5s.  net. 

Smith  (S.  C.  Karnes).  LOOKING  AT  PICTURES. 

Illustrated.  Fcap.  8vo,  6s.  net. 

Stancliffe.  GOLF  DO’S  AND  DON’TS.  Being  a very 

little  about  a good  deal  ; together  with  some  new  saws  for  old  wood 
— and  knots  in  the  golfer’s  line  which  may  help  a good  memory  for 
forgetting.  Eighth  Edition.  Fcap.  8vo,  2s.  6d.  net. 

QUICK  CUTS  TO  GOOD  GOLF.  Second  Edition. 

Fcap.  8vo,  2s.  6d.  net. 

Stevenson  (R.  L.).  THE  LETTERS  OF  ROBERT 

LOUIS  STEVENSON  TO  HIS  FAMILY  AND  FRIENDS.  Selected 
and  Edited  by  Sir  Sidney  Colvin.  Four  Volumes.  Fifth 
Edition.  Fcap.  8vo,  6s.  net  each. 

Tilden  (W.  T.).  THE  ART  OF  LAWN  TENNIS.  Illus- 

trated. Fourth  Edition.  Crown  8vo,  6s.  net. 

LAWN  TENNIS  FOR  YOUNG  PLAYERS;  LAWN 
TENNIS  FOR  CLUB  PLAYERS:  LAWN  TENNIS  FOR 
MATCH  PLAYERS.  Each  Fcap.  8vo,  2s.  6d.  net. 

Tileston  (Mary  W.).  DAILY  STRENGTH  FOR  DAILY 

NEEDS.  Twenty-seventh  Edition.  Medium  i6mo,  3s.  6d.  net. 

Turner  (W.  J.).  MUSIC  AND  LIFE.  Crown  8vo, 

7s.  6d.  net. 

Underhill  (Evelyn).  MYSTICISM.  A Study  in  the 
Nature  and  Development  of  Man’s  Spiritual  Consciousness.  Eighth 
Edition.  Demy  8vo,  15s.  net. 

THE  LIFE  OF  THE  SPIRIT  AND  THE  LIFE  OF 

TO-DAY.  Third  Edition.  Crown  8vo,  7s.  6d.  net. 

Vardon  (Harry).  HOW  TO  PLAY  GOLF.  Illustrated. 

Fifteenth  Edition.  Crown  8vo,  5s.  6d.  net. 

Waterhouse  (Elizabeth).  A LITTLE  BOOK  OF  LIFE 

AND  DEATH.  Selected  and  Arranged.  Twenty-first  Edition. 
Small  Pott  8vo,  cloth,  2s.  6d.  net  ; paper,  is.  6d. 
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Wilde  (Oscar).  THE  WORKS  OF  OSCAR  WILDE. 

Fifteen  Volumes.  Fcap.  Svo,  each  6s.  6d.  net.  Some  also  Fcap. 
8vo,  2s.  net. 

i.  Lord  Arthur  Savile’s  Crime  and  the  Portrait  of  Mr. 
W.  H.  ii.  The  Duchess  of  Padua,  iii.  Poems,  iv.  Lady 
Windermere’s  Fan.  v.  A Woman  of  no  Importance,  vi. 
An  Ideal  Husband,  vii.  The  Importance  of  being  Earnest, 
viii.  A House  of  Pomegranates,  ix.  Intentions,  x.  De 
Profundis  and  Prison  Letters,  xi.  Essays,  xii.  Salome, 
A Florentine  Tragedy,  and  La  Sainte  Courtisane.  xiii.  A 
Critic  in  Pall  Mall.  xiv.  Selected  Prose  of  Oscar  Wilde. 
xv.  Art  and  Decoration. 

A HOUSE  OF  POMEGRANATES.  Illustrated.  Crown 

4to,  2 is.  net. 

FOR  LOVE  OF  THE  KING:  A Burmese  Masque.  Demy 

8vo,  8s.  6d.  net. 

Wilding  (Anthony  F.),  Lawn-Tennis  Champion  1910-1911. 
ON  THE  COURT  AND  OFF.  Illustrated.  Eighth  Edition. 
Crown  8vo,  7s.  6d.  net. 

Young  (G.  Winthrop).  MOUNTAIN  CRAFT.  Illus- 

trated. Demy  8vo,  £1  5s.  net. 

The  Antiquary  s Books 

Illustrated.  Demy  8vo,  10s.  6d.  net  each  volume 

Ancient  Painted  Glass  in  England  ; Archaeology  and  False  Anti- 
quities ; The  Bells  of  England  ; The  Brasses  of  England  ; 
Celtic  Art  in  Pagan  and  Christian  Times  ; Churchwardens’ 
Accounts  ; The  Domesday  Inquest  ; The  Castles  and  Walled 
Towns  of  England  ; English  Church  Furniture  ; English 
Costume,  from  Prehistoric  Times  to  the  End  of  the  Eighteenth  Cen- 
tury ; English  Monastic  Life  ; English  Seals  ; Folk-Lore  as 
an  Historical  Science  ; The  Gilds  and  Companies  of  London  ; 
The  Hermits  and  Anchorites  of  England  ; The  Manor  and 
Manorial  Records  ; The  Mediaeval  Hospitals  of  England  ; 
Old  English  Instruments  of  Music  ; Old  English  Libraries  ; 
Old  Service  Books  of  the  English  Church  ; Parish  Life  in 
Medieval  England  ; The  Parish  Registers  of  England  ; 
Remains  of  the  Prehistoric  Age  in  England  ; The  Roman  Era 
in  Britain  ; Romano-British  Buildings  and  Earthworks  ; The 
Royal  Forests  of  England  ; The  Schools  of  Mediaeval  Eng- 
land ; Shrines  of  British  Saints. 

The  Arden  Shakespeare 

Demy  Svo,  6s.  net  each  volume 

An  edition  of  Shakespeare  in  Single  Plays.  Edited  with 
a full  Introduction,  Textual  Notes,  and  a Commentary  at 
the  foot  of  the  page.  Thirty-seven  Volumes  are  now  ready . 

Classics  of  Art 

Edited  by  Dr.  J.  H.  W.  Laing 
Illustrated.  Wide  Royal  Svo,  from  15s.net  to  £3  3s.  net. 

The  Art  of  the  Greeks  ; The  Art  of  the  Romans  ; Chardin  ; 
Donatello  ; George  Romney  ; Ghirlandaio  ; Lawrence  ; Michel- 
angelo ; Raphael  ; Rembrandt’s  Etchings  ; Rembrandt’s 
Paintings;  Tintoretto;  Titian;  Turner’s  Sketches  and 
Drawings  : Velazquez. 
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The  “Complete”  Series 

Illustrated.  Demy  8vo,  from  5s.  net  to  18s.  net 

The  Complete  Airman  ; The  Complete  Amateur  Boxer  ; The 
Complete  Association  Footballer  ; The  Complete  Athletig 
Trainer  ; The  Complete  Billiard  Player  : The  Complete  Cook  ; 
The  Complete  Foxhunter  ; The  Complete  Golfer  ; The 
Complete  Hockey  Player  ; The  Complete  Horseman  ; The 
Complete  Jujitsuan  (Crown  8vo)  ; The  Complete  Lawn  Tennis 
Player  ; The  Complete  Motorist;  The  Complete  Mountaineer; 
The  Complete  Oarsman  ; The  Complete  Photographer  ; The 
Complete  Rugby  Footballer,  on  the  New  Zealand  System  ; 
The  Complete  Shot  ; The  Complete  Swimmer  ; The  Complete 
Yachtsman. 


The  Connoisseur’s  Library 

Illustrated.  Wide  Royal  8vo,  31s.  6d.  net 

English  Coloured  Books  ; Etchings  ; European  Enamels  ; Fine 
Books  ; Glass  ; Goldsmiths’  and  Silversmiths’  Work  ; 
Illuminated  Manuscripts  ; Ivories  ; Jewellery  ; Mezzotints  ; 
Miniatures  ; Porcelain  ; Seals  ; Wood  Sculpture. 

Eight  Books  by  R.  S.  Surtees 

With  the  original  Illustrations  in  Colour  by  J.  Leech  and 

others. 

Fcap.  8vo,  6s.  net  and  7s.  6d.  net. 

Ask  Mamma  ; Handley  Cross  ; Hawbuck  Grange  ; Hillingdon  Hall  ; 

ioRROCKs’s  Jaunts  and  Jollities  ; Mr.  Sponge’s  Sporting  Tour; 
[r.  Facey  Romford’s  Hounds  ; Plain  or  Ringlets  ? 

Plays 

Fcap.  8vo,  3s.  6d.  net 

Kismet  ; Milestones  ; Typhoon  ; An  Ideal  Husband  ; The  Ware 
Case;  General  Post;  The  Great  Adventure;  The  Honey- 
moon ; Across  the  Border.  (Crown  8vo.) 


Fiction 

Novels  by  Richard  Bagot,  II.  C.  Bailey,  Arnold  Bennett,  G.  A. 
Birmingham,  Marjorie  Bowen,  Edgar  Rice  Burroughs,  G.  K.  Ches- 
terton, Joseph  Conrad,  Dorothy-  Conyers,  Marie  Corelli,  Beatrice 
Harraden,  R.  S.  Hichens,  Anthony  Hope,  W.  W.  Jacobs,  E V. 
Lucas,  Stephen  McKenna,  Lucas  Malet,  A.  E.  W.  Mason,  W.  B. 
Maxwell,  Arthur  Morrison,  John  Oxknham,  Sir  Gilbert  Parker, 
Alice  Perrin,  Eden  Phillfotts,  Richard  Pryce,  “ Q,”  W.  Pett 
Ridce,  H.  G.  Wells,  and  C.  N.  and  A.  M.  Williamson. 

A Complete  List  can  be  had  on  application. 


Methuen’s  Two  Shilling  Series 

This  is  a series  of  copyright  books — fiction  and  general  literature — 
which  has  been  such  a popular  success.  If  you  will  obtain  a list  of  the 
series  yeu  will  see  that  it  contains  more  books  by  distinguished  writers 
than  any  other  series  of  the  same  kind.  You  will  find  the  volumes  at  ail 
booksellers  and  on  all  railway  bookstalls. 
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